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(iv) 11-VI semiconductor on a glass cover pumped with a GaN laser diode.
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Abstract

Development of light-emitting diode technology is driven mainly by the need for
efficient solid-state lighting, but it is also creating opportunities for new
applications such as visible light communications (VLC). Here, the solid-state
visible light sources are used to transmit data with the added requirement of a
short excited-state lifetime so that sources can be modulated at high speed. This
research focuses on hybrid optical sources for visible light communications with
an emphasis on novel formats of colour-converters for multi-wavelength
photoluminescence as well as white-light generation. Such converters include
red and green colloidal quantum dots, the organic semiconductor BBEHPV and
II-VI/III-V epitaxial structures.

Solution-processable and environmentally stable polymeric films based on red
and green colloidal quantum dots are demonstrated. Modulation bandwidth up
to 24 MHz, photoluminescence quantum yields up to 61% and peak emission
tunability across the visible spectrum makes these materials interesting as
colour-converters for VLC. Free-space data transmission was demonstrated in
this case with data rates up to 400 Mbit/s and 500 Mbit/s using 2-PAM
modulation scheme for green and red quantum dots, respectively.

Hybrid sources consisting of 450nm InGaN LEDs with capillary-bonded
micron-thick  ZnCdSe/ZnCdMgSe  multi-quantum-well  colour-converting
membranes with peak emission at 540 nm are reported. After processing, the
membrane was capillary bonded onto the sapphire side of the pLED resulting in
a maximum converted average power of 37 uW. The -3dB optical modulation
bandwidth of the bare LED, hybrid device and II-VI were 79 MHz, 51 MHz and
145 MHz, respectively.

Visible light communication using both InGaN LEDs and a InGaN laser diode,
down-converted by a red-emitting AlInGaP multi-quantum-well nanomembrane
are also reported. Similarly to the previous devices, the AlInGaP nanomembrane
was bonded onto the uLED array. For the down-converted laser diode approach,
the nanomembrane can be sandwiched between a sapphire lens and optionally
onto a distributed feedback reflector. The down-converter structure is remotely
excited by the laser diode. Data transmission up to 870 Mb/s using M-PAM and
OFDM modulation schemes is demonstrated for the uLED integrated
nanomembrane. ODFM transmission at 1.2Gb/s is achieved for the laser diode
pumped sample.
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Chapter 1

Introduction

1.1 Motivation

Solid-state lighting, a technology based on electroluminescence, has been
under development for over a century. Electroluminescence was first noticed by
Henry Joseph Round in 1907 during an experiment in which, on electrically
driving different crystals, a yellow, blue and green luminescence signal could be
seen [1]. The first experiments in this area used II-VI alloys such as silicon carbide
(SiC), named ‘carborundum’ by Round at the time [1]. The following years were
spent in the development of new growth processes and deposition mechanisms to
improve the light-emitting diodes (LEDs) based on these semiconductor alloys,
however the electrical to optical efficiencies were very low due to the alloys’
indirect bandgap [2]. During the 1950s Heinrich Welker started to develop III-V
compounds as an alternative, creating new paths for novel optoelectronic devices.
By the 1990’s, efficient red and near-infrared III-V LEDs were being developed
but visible emitters based on nitrides were of low efficiency mainly due to the lack
of a p-type conductivity. However, work by Isamu Akasaki, Hiroshi Amano and
Shuji Nakamura allowed increased efficiencies of nitride LEDs and laser diodes
through both improved crystal growth techniques and the activation of Mg
dopants using either electron beam irradiation or a high-temperature post-growth
annealing process [2]. These developments permitted the creation of efficient blue
light-emitting diodes and facilitated the emergence of solid-state white lighting,
contribution for which these investigators received the 2014 Nobel Prize in
Physics.

The rapid development of light-emitting diodes allied to research on novel
photonic materials, has allowed this device technology to mature to the point

where advanced visible LEDs are now starting to pervade our daily life. The
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widespread application of these devices, driven mainly by the development of
efficient solid-state illumination systems, are due to their high
electrical-to-optical efficiency, low power consumption and long lifetime as well as
their compatibility for integration, making them greatly superior to the standard
incandescent and fluorescent light bulbs that have been used for lighting so far
[3]. Nowadays, efficient visible LED technology can be found for example in
displays [4], in lighting systems [5] and in cars as head/tail lights [6].

Solid-state lighting and other related applications rely on white-emitting
LEDs. The ideal approach to achieve this would use three-colour LED chips, 1.e.
it is possible to generate white light by the combination of red, blue and green
chips. However, this is currently expensive and complicated since each chip has a
different efficiency and spectral variation with temperature and can age
differently. Furthermore, although efficient blue and red LEDs can be fabricated
using InGaN and AlGalnP alloys, respectively, nitrides offer relatively poor
performance in the yellow/green spectral region. This is known as the ‘green gap’

and is represented in Figure 1.1, [7].

100
1w
h N
“m
= °
:E, “m e
u i o

3 N 2
o A
3] ,
) | Y
(/2] [ ] /
> ‘\ ]
2 104 . /
€ ] o
=} ,’
—j 1

m  |nGaN K

® AlGalnP

°
T T T T T T T T
450 500 550 600 650

Peak Wavelength (nm)
Figure 1.1 — Luminous efficacy for InGaN and AlGalnP LEDs (after [7], [8]).

To address the lack of efficient yellow/green LEDs, photoluminescent
materials started to be used. The generation of white-light in this case occurs

mainly through the combination of the blue light from an InGaN LED and yellow
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light from a phosphor, although several phosphors can be combined for improved
light quality. Commercial white LEDs are generally based on a blue InGalN chip
over-coated with a phosphor material such as Ce:YAG for colour-conversion.
These types of white LEDs (WLEDs) are now rapidly replacing traditional
light-bulbs and their fast deployment combined with their optoelectronic
characteristics is creating novel applications.

Very recently, there has been a growing interest in utilising such white
LEDS for Visible Light Communications (VLC), to complement established RF
communications [3]. This is primarily because the increasing requirement for
more and faster RF communication systems faces severe challenges because of
the limited RF spectrum. VLC aims to create a ‘smart’ lighting solution by adding
the function of communication to illumination. Some advantages associated with
this kind of configuration are related to the potential for high speed modulation
of the LED source, offering a high data bandwidth wherever lighting is present.
Such modulation is imperceptible to the human eye, allowing useful data rates
while not affecting the LED’s primary illumination function [9], [10]. VLC as a
wireless (optical wireless) communication solution also has the advantage of not
producing or being susceptible to electromagnetic interference, allowing its use in
places where radio-frequencies are prohibited such as in aeroplanes or in medical
diagnostics areas. Furthermore, VLC uses unlicensed bandwidth and provides a
more secure information exchange since the emitted light is confined in a room or
a particular area [3], [9], [10], [12]. Figure 1.2 shows a schematic illustrating a
few possible ways envisioned for future use of VLC. We note that the impact of
VLC is not only limited to white-light communications, as discrete coloured visible
sources can be used as well.

One bottleneck of using commercial white LEDs for VLC is the modulation
speed of the current devices. In a hybrid system, as depicted in the schematic
presented in Figure 1.3, the modulation speed is set by the response time of the
slowest component. In the case of an LED and a traditional phosphor, the
maximum bandwidth is set by the latter since the fluorescence mechanism is
much slower than the electron-hole recombination time in the LED. Rare-earth
phosphors used in current white LEDs have an upper-state lifetime between us
to ms, which limits the overall white-light modulation speed to a few MHz [3],
[13].
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Figure 1.2 — a) Scheme of a VLC configuration [3].

B /

Colour-converter
\ .
photoluminescence

_— Optical source

Colour-converter
—
photoluminescence

/

Colour-converter
electroluminescence

Y
I

Figure 1.8 — Schematic of a hybrid configuration using a) a GaN LED and b) InGaN
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One way to improve the bandwidth of VLC systems is to use a filter at the receptor
end in order to remove the phosphor component but this introduces a reception
signal penalty because of a lower detected signal [3]. Due to these constraints,
there is a critical need to find alternatives to phosphor colour-converters, both for
white-light generation and also for single-colour emission, with faster modulation
response and no compromise on other characteristics.

There are other application areas where modulated visible and/or white
light can be applied such as underwater and vehicle-to-vehicle communications

[6], [14], indoors GPS [15] and the Internet of Things [16]. The implementation
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and deployment of this technology will increase safety and address current
limitations. Underwater communications at the moment mainly use ultrasonic
communications, however they are limited by noise caused by reflections at the
surface and the ocean floor [17].

With the recent deployment of solid-state lighting by car/motorbike
manufacturers as tail or headlights, visible light communications can be
employed to add the capability for inter-vehicle communication or even
vehicle-infrastructure communications. The implementation of such system can
potentially speed-up the introduction of self-driving cars. The main constraint is
that sunlight and ambient light can impair the system functionality by the

creation of noise at the receiver side limiting the performance of VLC [14].

1.2 Thesis outline

The main focus of this thesis is on novel organic/inorganic semiconductors
as colour-converters for VLC. Candidate materials that were studied and are
presented here include Colloidal Quantum Dots (CQDs), III-V and II-IV
semiconductor epitaxial structures and organic semiconductors such as
BBEHP-PPV. All of them have the particularity of emitting in the visible with
shorter lifetimes than the typical colour-converter phosphors. This makes it
possible to increase the data transmission speed and possibly the number of
telecommunication channels when used in a wavelength-division multiplexing
configuration.

The rest of this chapter presents the physical background and working
principles of the down-converter materials and optical sources used. A very brief
explanation of telecommunications will be presented in order to support some of
the work performed with the optical sources and colour-converters. In Chapter 2,
the experimental set-ups used during this work and the results of the optical tests
performed on the optical sources will be presented. Chapter 3 and Chapter 4
describe the down-converters’ CW and dynamic characteristics and their
respective analysis. Work towards the creation and manipulation of white light is
presented in Chapter 5. Finally, concluding remarks and tentative future work

are presented in Chapter 6.
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1.3 Solid-state lighting

Solids can be grouped in three different categories according to their
capability to conduct electricity. There are the conductors, semiconductors and
insulators. Solid-state lighting is based on semiconductor materials.

These materials can be described by reference to a diagram of energy bands.
In this diagram, there are two main energy level manifolds, the conduction and
valence bands, with the conduction band at a higher energy level than the valence
band. Between them there can be an energy bandgap which is characterised by
an absence of energy levels. This plays a major role in the determination of
electrical and optical properties of a material, as will be explained below.

In insulating materials, the band separation can be higher than 4 eV making
the excitation of an electron to the conduction band very difficult. Thermally
excited electrons do not have the required energy ‘to jump’ the bandgap (kT at
room temperature is ~25meV) leading to zero conductivity or extremely high
resistance to the flow of charges through insulators. For conductive materials,
there is band overlap so it is much easier for electrons to flow through the
material’s crystal lattice. Besides, conduction electrons are not tightly bound to
the atoms making them easier to be externally excited.

Semiconductor materials present electrical characteristics in between those
of insulators and conductors. At T=0K, the valence band of a semiconductor is
completely filled with electrons whilst the conduction band is totally empty. The
electrical properties of semiconductors can be tuned accordingly via temperature
change, through the introduction of impurities (or dopants) or via external
excitation (e.g. optical or electrical). These materials can be further split in two
categories, the intrinsic or elemental and extrinsic semiconductors.

Elemental semiconductors are materials in which the crystal lattice is made
from only one type of atom. The most studied elemental semiconductors so far are
silicon (S)) and germanium (Ge). In an intrinsic silicon semiconductor, for
example, each atom from the crystal lattice is connected to its neighbours by a
covalent bond since each has four valence electrons (electrons in the outer shell).
With temperature rise, the electrons may gain energy and dissociate the bond,

leaving a vacancy or ‘hole’ to be filled by another electron. In this condition, for
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every free electron there is only one free vacancy and so intrinsic semiconductors
are considered neutrally charged.

The density of carriers can be increased through the incorporation of
impurities. Considering a replacement of a silicon atom by an atom from group V
(with five electrons in the valence band) in the periodic table, four out of the five
electrons will form covalent bonds with the neighbouring atoms leaving one
electron free. The free charge can then be excited to become a conduction electron
and the material becomes negatively charged or n-type. Similarly, replacing
silicon atoms from the initial structure by elements from group III (with three
valence electrons) will make the material positively charged, or p-type, since a
hole is created from the missing electron to complete the four covalent bonds. The
movement of free electrons and holes across the crystal lattice is the mechanism

responsible for the conduction of electricity.

1.3.1 Radiative and non-radiative recombination

The recombination of an electron in the conduction band with a hole in the
valence band results in the emission of energy either by heat (associated with
vibration of the atoms in the crystal lattice, known as phonons) or by the emission
of a photon (luminescence). The dissipated energy during the process in both cases
can be determined through the difference in energy between the minimum of the

conduction band and the maximum of the valence band:
E, = E. - E, (1.1)
where FEg, E. and E, are the bandgap, the conduction and the valence band

energies, respectively. If a photon is emitted, its wavelength or frequency can be

determined through the bandgap energy. This relation can be described by:

Eq=hv=h~ (1.2)

where his the Planck constant, cis the speed of light and vand A are the frequency

and the wavelength associated with the emitted photon. This is interesting since
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through the manipulation of the bandgap energy, semiconductors can be designed
in order to adjust the optical properties of the emitted light. In compound
semiconductors, such as AlGalnP or InGaN, the emission tuning is performed by
adjusting the relative amount of the various elements (alloys) in the structure.
Semiconductors can be separated in two categories, namely direct and

indirect bandgap semiconductors [2], [18].
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Figure 1.4 — Electron-hole recombination schematic for the band structure of a) a
direct and b) an indirect bandgap semiconductor (after [18]).

Figure 1.4 depicts the electron-hole recombination of semiconductors with
direct and indirect bandgaps. Each band in the crystal lattice is characterised by
a certain crystal momentum, that is proportional to the electron wavenumber k,
in the Brillouin zone. Direct bandgap structures are characterised by having the
maximum of the valence band and the minimum of conduction band at the same
point in k-space such that electron transitions may occur without change in the
crystal momentum. For indirect bandgap semiconductors, the valence band
minimum and conduction band maximum are not in the same point in k-space. In
order to obey the momentum conservation principle, the recombination process
here has to involve a phonon with momentum equal to the difference between the
electron and hole. This is why radiative transitions are more likely to occur in
direct as opposed to indirect semiconductors and radiative recombination is

slower in indirect bandgap materials.
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For solid-state lighting it is preferable to have as much radiative
recombination as possible since non-radiative recombination reduces device

efficiency and impairs performance.
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Figure 1.5 — Band diagram showing a) deep-level non-radiative recombination, b)
Auger non-radiative recombination and c) radiative recombination (after [2]).

Radiative and non-radiative recombination are shown in the schematic
depicted in Figure 1.5. At equilibrium, i.e. no external stimulation such as light

or current, the concentration of holes and electrons is constant:

where no and po are the concentration of electrons and holes, respectively, and n;
is the intrinsic carrier concentration [2]. Under external stimulation, the previous

equality 1s not met and the total carrier concentration is then given by:

n=ng+An (1.4)
p=po+Ap (1.5)

where An and Ap are the respective concentration of the excess electrons and holes
[2]. The radiative recombination rate of the carriers can be determined using the
bimolecular recombination rate equation, where B 1is the bimolecular

recombination coefficient [2]:

R = Bnp (1.6)
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From the equation, increased carrier concentration will induce an increased rate
of recombination. This is desirable in solid-state lighting since it will generate
more light making the devices more efficient [2]. Nowadays to achieve such
recombination rates, heterojunctions are used as will be explained later.

Non-radiative recombination occurs due to the defects in the semiconductor
structure. There are two main mechanisms responsible for this, deep level
recombination, also known as Shockley, Read and Hall (SRH) recombination,
mainly caused by interstitials, vacancies and dislocations in the crystal lattice
and Auger recombination which involves energy transfer to a third charge carrier
[2]. These respective processes are illustrated in Figure 1.5a and b.

Deep-level or luminescence killers are caused by the appearance of
recombination centres within the semiconductor bandgap mainly due to the
different energy levels from defects and substitutional semiconductor atoms.
These trap levels are efficient non-radiative recombination centres especially
when the energy level is close to the middle of the bandgap [2]. The recombination
rate for this process can be determined using expression (1.7) [2]. If the trap level
is positioned at the Fermi level, then the concentration of electrons, n;, and holes,

p1, can be determined respectively through expressions (1.8) and (1.9):

PolAn + nyAp + AnAp

Rsp = 1 1 (1.7)
(NTVpO'p) (no + nl + ATl) + (NTVnO-n) (p() + pl + Ap)
Er — Ep;
ny = ngexp (———— (1.8)
Er — Ep;
pL =y exp |~ (1.9

Here, ET and Nr represent the deep-level trap energy and concentration,
respectively. The parameters va and v are the electron and hole thermal velocity,
on and op are the respective cross sections of the traps, Eri and n; the Fermi level
and carrier concentration in the intrinsic semiconductor, respectively [2].

Apart from the reduction of efficiency, carrier lifetimes (7) can be influenced
by non-radiative processes. The contribution of SRH recombination can be

analysed [2] through:
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1 Po + ng + An
T Tpo(ng + 1y + An) + 1po(po + p1 + Ap) (1.10)
where,
1
7= Nronon (1.11)
TTlO
1
o= Nrvpop (1.12)
po

Auger recombination is, as introduced above, another process responsible
for non-radiative recombination. In this particular case, the carrier recombination
process involves a third particle, either an electron that is excited high into the
conduction band or a hole excited deep into the valence band. The energy is then
dissipated through phonon emission until the excited particles are close to the
band edge [2]. Since two carriers of the same type (either two electrons or two
holes) are required for the recombination to occur, the rate equations for n-type

and p-type semiconductors are, respectively:

RAuger = Cnnzp (1.13)

RAuger = Cpnpz (1.14)

where Cp, and Cp, are the Auger coefficients. In a non-equilibrium condition,
induced by an external excitation, the coefficient (C) and Auger rate equation can

be expressed:

RAuger =(Ch t+ Cp)n3 = Cn? (1.15)

The relationship above shows a cubic carrier concentration dependence for
Auger recombination. At low carrier concentrations, therefore Auger
recombination can be neglected. However, high external excitation will increase
Auger recombination leading to a reduction of luminescence efficiency.

Both phenomena described above play a major role in the internal and

external quantum efficiencies of solid-state lighting. These efficiencies represent
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a figure of merit and provide an evaluation parameter for comparing different
light sources (c.f. Figure 1.1).

Internal quantum efficiency (IQE) is defined as ratio between the number
of electrons injected into the semiconductor and the number of photons generated.
Ideally, for every injected electron in the active region a photon would be emitted.
However, as explained previously it is not possible to completely eliminate
non-radiative recombination. The internal quantum efficiency can be determined

using:

Pint/hv
Nint = NinjMr = I/e (1.16)

where P 1s the emitted optical power from the active region, I the injected
current and e the electron charge [2], [19]. Here, ni and 7. are the electron
injection efficiency and the radiative efficiency, respectively. The latter defines
the rate at which radiative carrier recombination occurs in the active region [19].

The radiative rate can be expressed using the rate equation (1.17):

Bn?
" An+ Bn? + Cn3

Ny (1.17)

Here, the coefficients A, B and C are for SRH recombination, spontaneous
radiative recombination and Auger recombination, respectively. The carrier
density is denoted by n. This is true at low input current densities, however at
high current densities the coefficients do not describe completely the radiative
and Auger recombination rates. Mathematically, this can be addressed using
expressions (1.18) and (1.19) where n* is a fitting parameter common between

them [19].

B = L

(1 +n£) (1.18)
C = L

(1 +n£) (1.19)
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The internal quantum efficiency can also be deduced from the radiative (z) and
non-radiative (zny) lifetimes:

T;l

Nint = (1.20)

In real device operation, not all the generated photons escape the active
region into free-space due to possible reabsorptions in the substrate, total internal
reflections or absorption in the metal driving contacts. The ratio of photons
emitted into free space to the number emitted from the active region, defined as
external extraction efficiency (EQE or nee), can be determined using the

expressions:

P/hv
Nege = NextNinjMr = W (1.21)
~ N 1 b-1 b-1 b
Next = Z 2 (1 -=T)"""T[Rpy, * + Rm ] (1.22)

b=1

Here, the extraction efficiency (nex) equation is based on a simplified model for
random light emission [19]. It considers that light rays have the same probability
of being absorbed or bouncing several times until they escape. Besides, they can
be generated and emitted in different directions [19]. The b term represents the
bth bounce at the exit surface, and T and R are the angle-average transmission
and reflectivity coefficients [19]. To date, several techniques have been studied to
increase the escape cone angle of light and reduce the waveguide modes within
the structure (both strongly affected by the relatively high refractive index of the
semiconductor active region) through the increase of scattering and light-rays
randomisation. Most of them include mechanical action on the semiconductor
surface, such as roughening and substrate patterning [20]-[23]. Photonic
structures have also been designed and implemented in LEDs with promising

results for light extraction [24], [25].
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1.3.2 P-Njunction

As the name implies, p-n junctions are the combination of semiconductors
layers that are of p and n type. Such structures are referred to as homojunction
when both layers are made of only one semiconductor material or heterojunctions
when different materials are used. Usually, these layers are epitaxially grown,
1.e. atomic layer by atomic layer on the same substrate rather than being grown
on separate substrates and then joined together. In a p-n junction, a depletion
region will be formed due to the diffusion of electrons from the heavily doped
n-type semiconductor into the heavily doped, with holes, p-type semiconductor.
With carrier exchange between the doped regions, the p and n type materials will
respectively acquire a net negative and positive charge. This will generate a
potential difference across the depletion region, known as the diffusion voltage
Vb, opposing the diffusion of electrons and holes. In order to inject carriers for
recombination the diffusion voltage must be overcome. The diffusion voltage can

be determined through the expression:

% =k—TlnNAND
D=7, nZ (1.23)

4

Where kis the Boltzmann constant, T'is the temperature, eis the electron charge,
N4 the acceptor concentration, Np the donor concentration and n; the intrinsic

carrier density of the semiconductor.
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Figure 1.6 — Schematic representation of a p-n junction showing the energy diagram
a) under zero bias and b) under forward bias. The z-axis is the spatial dimension
perpendicular to the junction.
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Figure 1.6 presents a typical p-n junction under a) zero and b) forward bias.
The behaviour of such a junction can be modelled through the Shockley equation

which describes the current-voltage (usually denoted as I-V) characteristics of an

1deal diode:

ev
=1 (ekT - 1) (1.24)

I, =eA / p1 —+
=e T, ND Tn NA (1.25)

Here D, and D, are the electron and hole diffusion coefficients and 7, and 7, are

where,

the electron and hole lifetimes. V is the external bias voltage applied to the
junction. A particular characteristic of a p-n junction is the capability of
conducting current only in one direction, blocking current flow in the opposite
direction, i.e. acting as a rectifier. Applying a forward voltage to the junction (or
a positive voltage drop in which the positive and negative terminal are connected
to the p- and n- type semiconductor) will cause the carriers to diffuse to the
junction, screening the depletion region diffusion voltage. When this happens
V>> kT/e, and thus (lexp(eV/kT)-1]~exp(eV/kT)) the Shockley equation for the I-V

characteristic can be re-written as:

ev— VD
I =eA NA ND e kT (1.26)

where V is the forward bias voltage. From this expression, the current will

increase as the applied bias voltage gets closes to the diffusion voltage. The
voltage at this exponential turning point is referred as the threshold voltage (V).

For an ideal diode, it can be expressed by:

V,, = Eg
th = (1.27)
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As described before, these structures are in practice not ideal so in real
applications electrical resistance has to be considered. For a forward biased
junction with a parasitic series resistance (Rs), the previous Shockley equation

can be re-written in the form:

e(V—IRg)
1=1 (e KT —1) (1.28)

1.3.3 Quantum wells structures

The main drawback of a typical p-n junction is that minority carriers are
distributed over a large volume. Such carriers have an associated diffusion length
(mean distance a minority carrier diffuses before recombination) which are
typically several micrometres, resulting in low concentration of minority carriers,
see Figure 1.7a. The radiative recombination rate can be determined using the
bimolecular recombination equation — expression (1.6) presented in subchapter
1.3.1. Analysing it closely, a low concentration of carriers will result in a low
recombination rate impairing the junction efficiency. An approach to circumvent
the lack of low carrier concentration is the use of a double heterostructure (DH).
Here, a semiconductor with small bandgap — active region — is sandwiched
between heavily doped n-type and p-type layers usually referred to as
confinement layers, see Figure 1.7b. A particular case of double heterostructures
are the p-i-n junctions, which are usually used to design high-efficiency LEDs,

where a thin layer of an intrinsic semiconductor is used as active region.
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Figure 1.7 — Carrier distribution in a) p-n homojunction b) heterojunction both under
forward bias [2].
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The semiconductor in the active region presents a lower bangap energy than
that of the confinement layers. This is important to create a potential barrier to
confine the carrier within the narrow intrinsic layer. The thickness of the intrinsic
semiconductor (Wpn) in this structures is then designed in order to be much
thinner than the diffusion length (L. or L) in a p-n junction in order to increase
the carrier concentration in that area, improving the radiative recombination
efficiency. Apart from this, it needs to be designed considering possible photon
reabsorptions in the confinement layers in the case they present lower bandgap
energy than the photon energy or through multiple internal reflections caused by
the different refractive index of each layer.

Quantum wells are thin layers of semiconducting materials with thickness
close to the de Broglie wavelength, where the charge carriers are confined
perpendicular to the planar region, i.e. in one direction. This is achieved
employing epitaxial crystal growth techniques to produce a semiconductor
material (well) in between a n- and p- type semiconductor (barriers) [26]. The de

Broglie wavelength is given by:

a=lo
p (1.29)

where p is the carrier momentum, h and k the Plank and Boltzmann constant,
respectively, m”is the carrier effective mass and 7T'is the temperature [2].

In quantum wells, the permitted energy levels form a quantised states with
discrete energies values. They can be determined by solving the Schroédinger

equation:

—h2d2Q,

2m* dz?

+V(2)0, = E 0, (1.30)

where V(z)is the quantum well potential seen by the particle, m*is the particle’s
effective mass and E, and O, are the eigenenergy and eigenfunction associated

with the nth solution of the equation [26].



Chapter 1 - Introduction 1-18

quantum well

n=3 |2 |1 IEG E

Figure 1.8 — Band diagram of a quantum well structure presenting the energies of the
optical transitions. Adapted from [26].

Considering a one-dimensional infinite-potential well (V = ), the discrete

quantised energy levels of a carrier can be determined through:

B =2 M = 0,12
nTom L, yn=4u,1.4.. (1.31)
- (nmz
¢n=AS”l( L ) (1.52)
VA

where L, is the quantum well width [26]. For narrow wells the energy level
becomes larger inducing an increase of energy level separation, affecting the
optical transitions occurring between levels. By adjusting the well thickness, it is
possible to tune the photon emission wavelength. Besides, to further improve the
confinement energy and improve the quantum efficiency several well layers can
be epitaxially grown. Such structures are referred to as multi-quantum-wells
(MQWs) and as discussed in the next subchapters, this structures can be used to
fabricate high-performance LEDs and/or to fabricate epitaxial colour-converters.
Figure 1.9 displays a schematic of a multi-quantum-well under bias. The red and
blue arrows depict the electron and hole injection and recombination in the active
region. In addition to the n and p-regions, an electron blocking layer (EBL) is
grown between the p and the multi-quantum well regions in order to prevent
electrons escaping and overflowing the active region. This is possible since the

blocking layer has the highest bangap energy which works as a potential barrier.
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Figure 1.9 — Schematic of a multi-quantum-well heterostructure. The blue and red
arrows display the hole and electron injection and recombination within the active
region (adapted from [2]).

1.4 AlInGaN structures

The LED sources used throughout the present work are all AllnGaN-based
alloyed structures. The in-house fabricated nLED arrays (to be discussed later)
were manufactured using commercial AllInGaN wafers. The present section will
cover the basics of epitaxial growth, the processing and the layout of such
structures.

The AlInGalN alloy system consists of three different binary III-nitride
materials, namely Aluminium Nitride (AIN), Gallium Nitride (GaN) and Indium
Nitride (InN). By altering the relative ratio of the individual materials the
bandgap can in theory be tuned to cover the range of wavelengths between the
deep-UV to the near-infrared as shown in Figure 1.10. Here, the relative ratio of
the alloys is denoted by the subscript x. A higher percentage of aluminium in the
ternary system results in an increase of the bangap energy, shifting the emission
to bluer wavelengths. For visible light communications we are looking to epitaxial
structures with bandgap energies between 1.9 — 2.7 eV, which correspond to

emissions in the visible range of the electromagnetic spectrum.
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Figure 1.10 — Energy bandgap at room-temperature and wavelength of emission
versus lattice constant for AllnGaN-nitride alloyed system [2].

1.4.1 AlInGaN - alloyed structures

Alloyed wafers for lighting solutions can be grown by Metal-Organic
Chemical Vapour Deposition (MOCVD), also known as Metal-Organic Vapour
Phase Epitaxy (MOVPE) or Organic-Metallic Vapour Phase Epitaxy (OMVPE).
Here, the thin-film crystalline structure formed through a chemical reaction of
the different vapour phase (or a mixture of vapours) materials is deposited onto a
heated substrate.

There are several materials that can be used as substrates for this alloy
system, such as Zinc-Oxide (ZnO), SiC and Si. However, the LEDs used in this
work were all grown on sapphire (AloOs). Amongst its advantageous properties
are optical transparency, good thermal and mechanical stability and low
production cost. However, when growing AlInGaN on sapphire one must consider
that sapphire is not electrically conductive. To circumvent the lack of electrical

conductivity the p and n-contacts that electrically drive the pixels in the LEDs are
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defined by etching on the semiconductor side. Alternatively, the sapphire
substrate can be removed by laser lift-off [27].

During the growth process the substrate is exposed to metal-organic
precursors containing the atoms that will form the epitaxial structure (e.g.
aluminium, gallium, indium and nitrogen), such as trimethylaluminium (TMA),
trimethylgallium (TMG), trimethylindium (TMI) and dimethylhydrazine
(DMHy). The high growth temperatures (~1000 °C) break up the organic
molecules leaving only the respective atoms to form a single crystalline thin film.
The deposition temperature is related with the chemical bond strength of the
precursors. The higher the content of carbon the weaker the covalent bonds,
permitting a much lower growth temperature. This poses a challenge for the
selection of a deposition substrate since it has to withstand the high temperatures
while being chemically stable. As stated previously, most III-nitrides devices use
sapphire as the substrate, however there is a significant lattice mismatch that
results in a high density of threading dislocations. In order to reduce the
dislocations, which through non-radiative centres reduce the LED efficiency,

low-temperature nucleation or buffer layers of AIN or GaN are grown.
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Figure 1.11 — Schematic of an epitaxial structure grown on a sapphire substrate. The
right side of the picture presents the MQW region expanded showing the GaN and
InGaN layers that compose it.

Figure 1.11 presents a schematic of a typical AllInGaN structure used to
fabricate the uLEDs tested in this work as excitation sources for
colour-converters. As stated previously and shown in Figure 1.10, the
electroluminescence of these structures can be tuned by the relative composition
(and thickness) of InxGaixN that composes the MQW region. This region is
preceded by a n-type and an undoped GaN layers. On top of the MQWs the
electron blocking layer, which is usually made of Mg-doped AlGaN since it
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presents higher bangap energy than GaN in the MQW, and the p-layer are
deposited.

1.4.2 LED structures

After the design and growth the AlInGaN wafers are ready to be processed
to create LEDs. The schematic of the most common structural configurations of

such LEDs are presented in Figure 1.12.
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Figure 1.12 — Schematic of two LEDs structures. a) conventional chip and b) flip-chip.
After [28].

In the conventional chip design or as often called ‘top-emission’
configuration, the electroluminescence emission occurs through the top layer of
the device, 1.e. through the p-layer. LEDs fabricated with this design present some
drawbacks. In order to achieve a low contact resistance and provide a uniform
current injection in the device a thin current spreading layer, based on Ni/Au, is
deposited on top of the p-GaN layer resulting in the reduction of external
efficiency since some light output is absorbed. Apart from this, ohmic metal pads
to electrically drive the device are deposited on the n and p-layers reducing the
fill factor — 1.e. the ratio of the LED’s emitting area to its total area. The flip-chip
configuration can circumvent some of these issues since the optical emission
occurs through the sapphire. This means thicker ohmic contacts can be deposited
reducing their resistance. To further improve the extraction efficiency, the
spreading layer can also work here as a mirror, redirecting the emission through
the sapphire substrate that otherwise would be lost. Besides, and as will be
presented in Chapter 4, the smooth and chemically inert sapphire surface can be

used as a medium to integrate a colour-converter.
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1.4.3 Fabrication steps for LEDs and pLEDs

To reach an LED die form, the AllInGaN wafer must undergo several
processing steps. The main ones are photolithography, pattern transfer through
an etching process and deposition of metal contacts. Figure 1.13 presents some of
these steps.

Photolithography Dry etching nand p pads deposition

- BEm - 100 — BER

Figure 1.13 — Process flow for LED fabrication.

In the first step, the layout, the pixel size and shape are defined using a
photomask through photolithography which is a standard technique for patterns
definition in the electronic and semiconductor industries. In order to pattern the
surface of the semiconductor structure a photosensitive material, usually called
photoresist, is spin-coated on its surface — to achieve a thin and even layer. After
careful alignment of the photomask which contains transparent and opaque
regions, ultraviolet light is used to photo-chemically change the photoresist
properties. There are two types of photoresists, namely positive and negative.
Using a positive resist, the area under the mask exposed to light is removed. Here,
the chemical structure of the photoresist exposed to light will make it more
soluble, thus easier to remove. On the other hand, negative resist that is exposed
to light will harden up becoming more difficult to wash away.

The second step in the fabrication process consists in the removal of the
excess material in the epitaxial structure by one of two etching processes. In the
case of wet etch the material in excess is removed by a chemical process. The
material selectivity and etching speed depends on factors such temperature,
concentration of etching solution and crystallographic orientations. The dry
etching process uses gaseous etchants — plasma of reactive gases — that by ion
bombardment or pure chemical etching remove material from the exposed
surface. The ion bombardment etching uses high-energy ions to remove exposed
material being the etching rate dependent on energy and flux of ions whilst the

pure chemical etching forms volatile byprodutcs through the chemical reactions
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of the gaseous etchants with the material surface. In here, the etch rate relies on
the chemical reaction between both parts, the etched material and the etchants.
The final step provides the metal contacts needed to drive the LED. To
deposit the tracks on the p-layer, a technique called electron-beam evaporation is
employed whilst in the case of n-layer tracks, magnetron sputtering is used.
Usually the p and n-contacts are made of Ni/Au and Ti/Au respectively. Since
p-type GaN materials present high resistivity, the metal contacts can work as
spreading layer in order to guarantee uniformity of injection current through the

p-layer.

1.5 Laser diodes

In addition to the LEDs, a semiconductor laser — commonly called a laser
diode (LD) — was used to optically excite the colour-converters. LEDs are in
general cheaper and suffer less safety restrictions than LDs. However, and as
presented in Chapter 2, LEDs present lower modulation bandwidth and optical
power than laser diodes. Therefore, laser diodes can be considered as an
interesting alternative to LEDs for VLC. Thus, the fundamentals of
semiconductor lasers will be introduced in this subchapter.

The photon-electron interaction can result in three physical effects, namely
optical absorption, spontaneous emission and stimulated emission. In laser diodes
the optical gain is produced in a semiconductor material through stimulated
emission. Such a physical phenomenon occurs through the interaction of an
incoming photon with an electron in the conduction band that can result in a
radiative electron-hole recombination. Energy is then released in the form of a
photon with the same phase, frequency, polarisation and direction of the initial
photon. A schematic showing the stimulated emission principle is presented in

Figure 1.14.
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Figure 1.14 — Schematic of stimulated emission principle. Here, the conduction band
1is populated with an excited electron that will interact with an incoming photon. A
radiative recombination occurs resulting in an emission of a photon with equivalent
properties to the incoming photon.

As described previously, in thermal equilibrium the electron concentration
in conduction band (E.) is lower than in the valence band (E.). Thus, optical
absorption is more likely to occur than stimulated emission. In order to achieve
stimulated emission, the electron concentration in E. should be larger than in Ev,
a phenomenon described as population inversion. In addition, and in order to
achieve lasing, the rate of stimulated emission has to be higher than spontaneous
emission. This is achieved using an optical resonant cavity, in which the photon
density can be build up to a large value through multiple internal reflections. In
the case of semiconductor lasers, the multi-reflections occur via the semiconductor
cleaved facets. The amplified laser light eventually emerges from the least
reflective facet, Figure 1.15.

As for the LEDs, the emission wavelengths of the laser diodes are
determined by the bandgap energy of the semiconductor material and the
thickness of the quantum wells in the case of heterostructure based lasers.
Usually, laser diodes operating in the blue range of the visible spectrum are made
of InxGa1xN alloyed structures grown on SiC whereas in the red region they are
made of (AlxGai-)yIny-1P, alloyed structures on GaAs.

Here, a commercial InGaN blue laser diode was used — OSRAM PL450B —
with maximum forward optical power of 100 mW. The spectral response and

L-I-V curve for the laser diode are presented in Chapter 2 Figure 2.11.
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Figure 1.15 — a) Laser diode schematic under operation and b) schematic of a laser
diode in a TO-Can package. Adapted from [29].

1.6 Colour-converters

Several materials were studied in this work as a potential replacement for
the standard phosphor-based colour-converters used in nitride LEDs. These
include polymers, colloidal quantum dots (CQDs) and inorganic semiconductor
membranes based on III-V and II-VI multi-quantum wells, all selected as being
of promise for visible light communications (Chapter 3 — 4). The basic physical

properties of these materials are presented below.

1.6.1 Organic semiconductors

Organic semiconductors are organic materials — molecules based mainly on
carbon atoms — with semiconducting properties. Such properties arise from the
charge transport characteristics determined by an electronic band structure
containing a bandgap, which is conceptually similar to inorganic semiconductors.

Organic semiconductors are made of small repeating molecular units, called
monomers, that have the capacity of connecting through covalent bonds with
other molecules to create polymers or oligomers (few repeats). Atoms are
surrounded by electrons distributed in different orbitals accordingly to their
electronic configuration. The carbon atom has six electrons in total. Its electronic
configuration is 1s22s22p% where 2p? comprises three orbitals, 2px'2p.!2p.°.
According to this, the carbon should form two covalent bonds since it has two

unpaired electrons. However, carbon atoms in this configuration are highly
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reactive becoming stable only when four covalent bonds are made. An explanation
for this is the overlap of the 2s and 2p orbitals, which may also be referred as
hybridisation. Three different hybridisations can occur, namely sp?, sp? and sp as

shown in Figure 1.16 [30].

120°
sp sp?

Figure 1.16 — Representation of sp, sp? and sp? hybrid orbitals [30].

In the first case, four orbitals will contribute to the bond, one of the 2s and
the other three from the 2p orbitals, resulting in the sp’ configuration. The
resulting molecules form a tetrahedral structure with angles between bonds of
109.59 as thereby the electron repulsion is minimised. Similarly, the sp?
hybridization comprises the mixture of one 2s and two 2p orbitals. The molecule
thus formed will have a trigonal shape with bond angles of 120°. The sp orbital is
formed by conjugation of one 2s and one 2p orbital. The angle between bonds is
180° resulting in a molecule with linear a shape.

The s and p orbitals have a spherical charge distribution centred around the
atom (Figure 1.17a) and their overlap will form covalent bonds of two kinds, the
sigma (6) and pi (n) bonds [30]. c bonds correspond to a linear overlap of the
shared orbitals centred around the axis joining the two atoms (Figure 1.17b),
whilst in © bonds the electrons forming the connection are above or below the
sigma bond (Figure 1.17b). Due to the spatial confinement of both bonds and the
fact they have higher distance to the atom nuclei, the n-bond is much weaker. This
allows the electrons to become delocalised, i.e. to move along the molecular
structure more easily [30], [31].

The newly formed molecular orbitals, at equal or similar energy, will
interact forming two new orbitals each, one with higher energy than the other.
The highest formed energy orbital is denominated highest occupied molecular
orbital (HOMO) whilst the orbital with lower energy is denominated lowest

unoccupied molecular orbital (LUMO). This is analogous to inorganic
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semiconductors with valence and conduction bands [30], [31]. By adjusting the
molecule’ size and the confinement energy it is possible to tune the electronic

transition energy and consequently its optical emission [32].
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Figure 1.17 — a) Atomic s and p orbitals and b) o and n orbitals formed from overlap of
two p» and two px orbitals [30].

The electrons spin configuration in each molecular level can be defined as a
singlet or triplet state, with a spin contribution per electron of 1/2. When the spin
sum is 1, i.e. the electrons have the same spin value (+1/2, +1/2 or -1/2, -1/2), the
state is referred to as a triplet. If the electron’s spin is paired with sum of 0, i.e.
the electrons present different spin values (-1/2, +1/2 or +1/2, -1/2), the state is
called a singlet [30], [31], [33].

Figure 1.18, known as a Jablonski diagram illustrates the possible
electronic transitions of a molecule where Srepresents singlet and T'triplet states,
respectively. After external excitation (labelled absorption here for the case of
photoexcitation) two types of electronic transitions can occur, namely a
fluorescent or a phosphorescent transition. Fluorescence occurs due to the
radiative relaxation of an electron from the lowest level energy vibrational state
of Si. However, if there was excitation to a higher level of S: or Sz internal
conversion/relaxation can occur initially. This process usually occurs within 1012g
whilst fluorescence lifetimes are around 109 meaning the internal conversion is

generally complete prior to fluorescence emission. The transitions which result in
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the emission of a photon occur at lower energies than transitions during
absorption. This is known as the Stokes shift. Molecules within the S; state can
also undergo a spin-conversion to the first triplet state 77 (intersystem crossing).
Relaxation of electrons from this level is called phosphorescence as it is forbidden,
resulting in relaxation times between 103s to 102s, much longer than for

fluorescence emission [31].
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Figure 1.18 — Schematic of a Jablonski diagram representing fluorescence and
phosphorescence mechanisms in an organic molecule. Illustration based on [31].

The important characteristics of quantum yield and carrier lifetimes can be
determined for the organic semiconductors. In this case, quantum yield is defined

[31] as the ratio of emitted photons relative to those absorbed:

Q=77 (1.33)

Where I' and knr are the radiative and the non-radiative relaxation rates of the
molecule to the ground state.

The lifetime is defined as the average time a molecule is in the excited state
prior to relaxation. Thus, the fluorescence lifetime is the average time a molecule

spends in excited state before decay to the ground level, equation (1.34.
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1
T +k, (1.34)

T =

An effect to consider when working with these materials is fluorescence
quenching, i.e. the reduction of emission intensity. There are two main quenching
mechanisms, the collisional quenching which results from the interaction of an
excited-state molecule with another one in the ground-state, mostly due to
electron transfer between molecules or spin-orbit coupling and intersystem
crossing to the triplet state. The decrease of energy through this process is

described by the Stern-Volmer equation:

TT—O = 14 K[Q] = 1+ kg7o[Q] (1.35)

Here, K is the Stern-Volmer quenching constant which indicates the sensitivity
of a fluorophore to a quencher, kqis the bimolecular quenching constant, 7o and 7
are the unquenched and quenched lifetimes, respectively, and [l the quencher
concentration. The most common quenchers are oxygen and electron-deficient
molecules. Based on the organic molecule and quencher the reduction of intensity
may result from the transfer of electrons in the excited state or spin-orbit coupling
and intersystem crossing to the triplet state [31].

The other mechanism responsible for fluorescence quenching is called static
quenching. In here, there is a formation of non-fluorescent molecules due to the
combination of fluorophore molecules with quenchers. This process takes place in

the ground state and does not depend on molecules collisions [31].

In this work BBEHP-PPV, which is an organic polymer, was studied as a
possible colour-converter in order to be used in VLC and down-convert the blue
excitation light coming from the optical source to green photoluminescence
emission. BBEHP-PPV is polyl2,5-bis(2’,5-bis(2"-ethylhexyloxy)phenyl)-p-
phenylene vinylene] and has been previously used in applications such as lasers
and sensors mostly due to its low stimulated emission threshold, high quantum
yield and photo-stability when compared with other organic semiconductors [34],
[35]. Figure 1.19 presents the molecular structure of BBEHP-PPV and its

absorption and photoluminescence spectrum. The spectra present two emission
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peaks, one centred at 496 nm, which corresponds to a transition from | SI1, Os> to
| SO, Oso> or ‘0-0’, whilst the other at 528 nm corresponds to a transition from
| S1, Osi> to | SO, 1s¢> or ‘0-1’. The organic semiconductor has a maximum
absorption peak at 431 nm. As measured and reported in [35] the BBEHP-PPV
exhibits PLQY (photoluminescence quantum yield) above 75%.
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Figure 1.19 — a) BBEHP-PPV molecular structure and b) absorption (solid line) and
photoluminescence spectrum (dashed line) of a neat BBEHP-PPYV film. After [34], [35].

1.6.2 Colloidal Quantum Dots

Quantum Dots are semiconductor particles that have nano-size, ranging
from a few to tens of nanometres. These materials are interesting for use as
colour-converters since they combine some of the physical characteristics of the
bulk semiconductor from which they are made with single atom properties.
Furthermore, they possess broad absorption spectra, tunable emission and long
term photostability [36]-[38]. Here we focus on colloidal quantum dots (CQDs)
which are individual nanoparticles with organic surface functionalization to make
them soluble and solution processable.

Since their diameter is comparable to the electron de Broglie wavelength,
they show the effect of quantum confinement. As described before for the

heterostructures, the de Broglie wavelength can be determined by:

A—h—
P (1.36)
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where h and k are the Planck and Boltzmann constants, respectively, m* is the
carrier effective mass and T'is the temperature.

The movement of electrons is confined as if they were in a ‘cage’, leading to
the quantisation of the energy levels [6], [41]. As previously explained, the last
filled ‘band’ of allowed states is called the valence band and the next empty band
is called the conduction band. A number of transitions between these energy levels
are possible, see Figure 1.20 [42]. The figure also shows the effect of quantum dot

size in colour emission, for II-VI CQDs studied in our work.
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Figure 1.20 — a) Photoluminescence emission for different II-VI CQDs sizes [43], b)
representation of the discrete energy levels of a quantum dot modelled as a simple
‘nano-box’.

The energy gap, Eg, between highest occupied energy level and the lowest

unoccupied energy level for CQDs of diameter R is given by:

h2m?
E,(QDs) = T R? + Eg buik (1.37)

where,
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Mep = 5 & (1.38)

Here me and mp are respectively the effective mass of the electrons and holes [42],
[44]. By controlling Eg one can tune the wavelength of the emission. This is
possible by controlling R, the mean size of the CQDs. The lower the particle size
the stronger will be the effect of quantum confinement resulting in bigger
bandgap energies and a shift to shorter wavelength emission, see expression
(1.87) [45]. This size-tunability of the bandgap means that a wide spectral range
can be addressed with CQDs made from a single material system [46]. For
example, CQDs based on (Cd, Se, Zn, S) alloys cover wavelengths from the blue to
the red (Figure 1.20a). The most studied CQDs are those based on cadmium
selenide (CdSe) alloys passivated and confined by a zinc sulphide (ZnS) shell
around the core. Passivating the nanocrytals allows increased photoluminescence
quantum yield due to the reduction of surface carrier trapping [45], [47]. Organic
ligands attached to the outer surface of the shell enable a better dispersion in
solvents and polymeric matrices as used in this work [37].

Depending in the synthesis process different kinds of CQDs can be designed.
One important type is the so-called core-shell CQD, which has an abrupt interface
between a core and shell, for instance, CdSe/ZnS (Figure 1.21a) [45]. A second
important design exhibits a gradual compositional transition between a mostly
CdSSe-core and a mostly ZnS-shell, Figure 1.21b. This approach allows to tune
the CQD photoluminescence through the manipulation of the alloy ratio in the
core without the need to change the particle size [48], [49].

a) Shell (ZnS) b)

Figure 1.21 — Schematic cross-section of a) core-shell CQD and b) alloy CQD.



Chapter 1 - Introduction 1-34

Typical absorption and emission spectra for such CQDs are shown in Figure
1.22. Whatever the emission wavelength, such CQDs absorb strongly in the
UV-blue range spectrum, making them ideal for use in applications where InGaN

LEDs are used as optical excitation sources.
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Figure 1.22 — Absorption and emission spectra for CQDs encapsulated by an epoxy
composite. The absorption and fluorescence spectra were acquired using a UV-VIS
Cary and a Perkin Elmer LS 50B spectrophotometer system, respectively [50].

This kind of nanocrystal can be synthesised in solution by wet-chemistry
through the decomposition of metal-organics and chalcogenides in a high
temperature organic solvent [37], [51], [52]. Therefore, they share the processing
flexibility of organics such as the compatibility with solution-processing and
soft-lithography techniques important for the development and improvement of
new technologies like VLC.

The CQD particles are usually provided in a solvent solution that can be
removed by evaporation or precipitated. As discussed in Chapter 3, they can be
incorporated in a polymer in order to create thin films with different sizes and
shapes. However, they can be used in a ‘neat’ form, i.e. they can be drop-coated or
spin-coated on any given surface. After solvent evaporation, the quantum dots

particles can be found to be freestanding.

1.6.3 II- VI and III-V epitaxial structures

The epitaxial structures used in this work for colour-conversion were made

of II-VI or III-V semiconductors in order to obtain green and red
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photoluminescence, respectively. As discussed in Chapter 4, such structures
present several advantages over organic semiconductors and colloidal quantum
dots. The longer photostability, the fact they are encapsulated by design, their
higher bandwidth and the capacity to design them to cover the visible spectrum
promising white-light generation makes them attractive candidates to replace
conventional phosphors for VLC.

Two different growth techniques were employed to achieve the II-VI and
III-V structures. The II-VI green structure was grown at City College of New York
by molecular beam epitaxy (MBE) on an InP substrate. The III-V red structure
was grown at the University of Sheffield by metalorganic vapour phase epitaxy
(MOCVD) on a GaAs substrate. In the MOCVD the crystal is grown by chemical
reactions while in the MBE through physical deposition in an ultra-high vacuum
chamber. The substrate is heated in both cases and in both cases, it is possible to

control the thickness of the layers to be grown at atomic scale.

The 1II-VI structure was originally designed for wuse as a
vertical-external-cavity surface-emitting-laser (VECSEL) gain region. It consists
of nine ZnCdSe quantum wells in ZnCdMgSe barriers designed to emit at 540 nm
in a resonant periodic gain configuration. As a laser structure, it was designed to
include a five period DBR of ZnCdMgSe, which turned out to be out of resonance
with 540 nm and therefore has no noticeable incidence on the colour-conversion,
as presented in Chapter 4. The epitaxial structure was grown by MBE on a InP
substrate and is encapsulated through a ZnCdSe layer which works as an anti-
oxidation cap and a wet-etch stop barrier for post-processing in order to remove

the substrate. Its layer structure is depicted in Table 1.1.

The III-V MQW membrane structure consists of six GalnP quantum wells
with AlGalnP barriers. Here, AlAs was used to shield the structure from the
wet-etch acid used to remove the GaAs substrate and the GalnP anti-oxidation
cap. The resulting structure is the colour-converting platelet. Table 1.2 presents

all the layers that comprise the III-V epitaxial structure.



Chapter 1 - Introduction 1-36

Table 1.1 — II-VI epitaxial structure layer, thicknesses and mole fraction of each alloy.

Mole Mole
Thickness
Layer Alloy fraction fraction Purpose
(nm)
X y
17 (ZnxCdi-v1yMgySe 0.48 0 10 Cap
Carrier
16 (ZnxCdi-)1yMgySe 0.56 0.6 103
confinement
15 (ZnxCdi-)1yMgySe 0.5 0.32 104 Barrier
14x8 (ZnxCdiv1-yMgySe 0.48 0 2.1 QW
13x8 (ZnxCdix)1-yMgySe 0.5 0.32 103 Barrier
12 (ZnxCdiv1yMgySe 0.48 0 2.1 QW
11 (ZnxCdi-)1yMgySe 0.5 0.32 251 Barrier
Carrier
10 (ZnxCdi-)1yMgySe 0.56 0.6 20
confinement
Pump
9 (ZnxCdi-)1yMgySe 0.5 0.32 464
absorption
Transparent
8 (ZnxCdi-)1yMgySe 0.56 0.6 113 )
window
7x5 (ZnxCdi-)1yMgySe 0.56 0.6 56.5 Low-n DBR
6x5 (ZnxCdiv1yMgySe 0.493 0.25 51.7 High-n DBR
5 (ZnxCdi-)1yMgySe 0.56 0.6 96 Low-n DBR
Etch-
4 (ZnxCdi-)1yMgySe 0.48 0 20
stop/cap
Low-T
3 ZnCdSe
buffer
2 InxGaixAs 0.53 - 200 Buffer layer

1 InP - - - Substrate
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Table 1.2 — III-V epitaxial structure layer, thicknesses and mole fraction of each alloy.

Mole Mole
Layer Alloy fraction fraction Fhickness Purpose
(nm)
X y

16 Gaylni-yP 0 0.6 10 Cap
15 (AlxGai-) yIniyP 0.6 0.51 76.5 Barrier
14 Gaylni-yP 0 0.5 4 QW
13 (AlxGai-) yIniyP 0.6 0.51 7 Barrier
12 Gaylni-yP 0 0.5 4 QW
11 (AlxGai-) yIniyP 0.6 0.51 79 Barrier
10 Gaylni-yP 0 0.5 4 QW
9 (AlxGai-) yIniyP 0.6 0.51 7 Barrier
8 Gaylni-yP 0 0.5 4 QW
7 (AlxGai-) yIniyP 0.6 0.51 79 Barrier
6 Gaylni-yP 0 0.5 4 QW
5 (AlxGai-) yIniyP 0.6 0.51 7 Barrier
4 Gaylni-yP 0 0.5 4 QW
3 (AlxGai-) yIniyP 76.5 Barrier
2 AlAs 0.53 10 Etch stop
1 GaAs 500 Substrate

1.7 Telecommunications

As discussed in the previous sections, VLC relies on the visible spectrum to

transmit data rather than the radio frequency (RF) spectrum used nowadays for

wireless communications. The low cost, high efficiency and huge deployment of

solid-state lighting is making VLC a serious emerging complement to the

capacity-limited RF band [53]. However, solid-sate light only permits data

modulation in the intensity regime contrary to conventional coherent channels

where information is sent through the modulation of amplitude and phase of the

carrier electromagnetic waves. Thus, the receivers will only detect the modulated

signal’s intensity requiring the transmitted signal to be positive and real. This
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type of communications is called intensity modulation with direct detection
(IM/DD) [54]. A basic scheme illustrating a potential IM/DD configuration is
depicted in Figure 1.23.

Elsectriclal Optical Intensity Elsqctriclal
igna Signal igna
2(t) & (t)
Transmitter — * ’——W—— * — Receiver
I(t)
electro-optical opto-electrical
conversion conversion

Figure 1.23 — Schematic of an intensity modulation with direct detection
communications system [55].

Due to this, only modulation schemes that work in the intensity modulation
regime can be applied to VLC, such as on-off keying (OOK) and pulse-position
modulation (PPM). However, where the system bandwidth and optical channel is
limited, multi-level schemes like unipolar pulse-amplitude modulation (PAM) can
circumvent these limitations. Recently a modified orthogonal frequency-division
multiplexing (OFDM) scheme suitable for IM/DD was proposed to overcome the
intersymbol interference (ISI) resulting from the distortion at high
communication speeds when OOK and PAM are used [56].

The modulation signal is encoded onto the light source through its
combination with a DC bias signal. As explained in Chapter 2, this combination
is performed using a bias-tee.

In the following, a very brief explanation of the modulation schemes used

throughout this work will be presented.

1.7.1 Amplitude modulation domain schemes

There are several modulation schemes suitable to transmit data over optical
fibre or free-space. The most common and easiest to implement, at the expense of
lower spectral efficiency, are the formats in which the data is encoded in the
amplitude domain. Schemes that fall into this category are on-off keying (OOK),
that can be split into return-to-zero (RZ) or non-return-to-zero (NZR), and
pulse-amplitude modulation (PAM). In OOK-NRZ, the data is modulated in two

distinct levels, the pulse per bit occupying the entire bit interval. So, considering
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the data is in the binary form, to send the bit 1 the optical source is driven at a
determined current, to transmit the bit 0, the source is turned off, i.e. no pulse is
used — see Figure 1.24b. The OOK-RZ signal, the bits 1 and 0 are transmitted the

same way as NRZ, however the pulse per bit only occupies part of the bit interval

Figure 1.24a [57], [58].
0 1 0 1 1

RZ Signal L

g

NRZ Signal

Figure 1.24 — a) OOK-RZ b) OOK-NRZ modulation formats. Illustration based on [58].

There are several ways to generate the modulation signal. Usually, an
electrical wave signal with the shape of a return-to-zero will modulate the optical
carrier. Alternative approaches use optical modulators, such as electro-absorption
modulators (EAMs) or Mach-Zehnder modulators.

In pulse-amplitude modulation the transmitted signal can have single or
double polarity. In the former case, an offset is added to the signal so that all the
pulses are positive. In the double polarity configuration, the pulses present
positive and negative amplitudes. OOK — which can be seen as the basic PAM
scheme — has two discrete pulse amplitudes, however it is possible to achieve more
discrete levels. The relation between the number of bits and the number of

quantised signal levels is given by:

M = Zm or m = lOgZ M (139)
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Where, m is the number of bits to be encoded and M the number of codification
levels [58], e.g. the 8-PAM refers to a pulse-amplitude modulation scheme with 8
levels of codification.

Another modulation scheme that 1is partially based on amplitude
modulation is the Quadrature Amplitude Modulation (QAM). Here, the carriers
are encoded through the amplitude and phase of the modulation signal which is
usually sinusoidal. Since the carrier waves are 90° out of phase, it uses the
available frequency spectrum more efficiently than an only amplitude modulated
signal which requires twice the bandwidth. Phase modulation schemes, such as
phase-shift keying (PSK), in which the carrier’s amplitude remains unchanged
can be considered as variants of QAM.

Usually QAM is represented by a constellation diagram with the number of
the points — usually of powers of two — that constitute the constellation being the
allowed levels to encode data. The most common constellations have 16, 64 or 256
points. The higher the number of points in the constellation more bits per symbol
it is possible to encode. Figure 1.25 depicts a 16-QAM constellation diagram
followed by a table showing two possible combinations of amplitude and phase

required to encode a certain bit stream.

Q
n n . n n
1011 1001 0010 0011
n n . n n .
1010 1000 0000 0001 Amplitude Phase Data
I
—T———T—— —— T 25% 225% 1100
75%  -50%  -25% 7 |0% 5% 50% 75%
75% 337% 0110
n n . n n
1101 1100 0100 0110
n n . n n
1111 1110 0101 0011

Figure 1.25 — Illustration of an 16-QAM constellation and a table with the amplitude,
phase and corresponding bits.
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1.7.2 OFDM

Another approach to transmitting a bit stream in which each bit is
represented by a significant condition, e.g. different voltage levels, is to modulate
the data in the frequency domain, usually referred to as frequency-division
multiplexing (FDM) modulation. A special case of this type is orthogonal
frequency-division multiplexing. The particularity of OFDM lies in the capacity
of modulating the carriers orthogonally, a condition that permits an increase the
bit stream in limited bandwidths systems. Here, the ‘raw’ bit stream is initially
split in smaller groups, usually called sub-carriers, and then modulated using
quadrature amplitude or phase-shift keying modulations.

Following this principle and considering the bit stream presented in Figure
1.264, it can be initially split in four subcarriers, each one of them being made of

six bits, see Figure 1.26b.

a) 0’1‘0’1‘0110’1‘001110000’1‘01110 bzl e
0 1 0 1
0 1 1 0
1 0 0 1
TTTU0IT00 T 71 " 11T T Tltime 1 1 0 o0
0 0 1 0
1 1 1 0
ot U UL

Figure 1.26 — a) Representation of a bit stream and b) its division in four subcarriers.

After the division each subcarrier is then modulated. For simplicity, binary
phase-shift keying (BPSK) is here employed. In BPSK the bits 1 and 0 are

mathematically represented, respectively, by,

2E,
So(t) = T—bCOS @rfet +m) (1.40)
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/2Eb
s1(t) = T, cos (2mf.t) (1.41)

where FEj is the energy per bit, T» the bit duration and f: the frequency of the

subcarrier. Figure 1.27 presents the four-modulated subcarriers determined by

referring to the previous expressions.
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Figure 1.27 — Representation of the sub-carriers modulated using BPSK. The bits that
constitute each sub-carrier are presented in Figure 1.26b.

At the end of the process, the OFDM signal results from the combination of
the different subcarriers through the use of an inverse fast Fourier Transform
(IFFT) [59]. A typical resulting OFDM signal is depicted in Figure 1.28.

The advantages of using OFDM in VLC are its robustness against

intersymbol interference, cross-talk and, most important, the capacity of
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transmitting data with low-frequency distortion from background lighting

reducing the complexity of the system at the receiver end [53], [60].

4
34
2
q’ \
e
=}
= 14
Qo
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<
04
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|
T T T T T T T T T
0 20 40 60 80 100

time

Figure 1.28 — Illustration of a typical OFDM signal.

Figure 1.29 presents the set-up for free-space data transmission used in this
work for studying the performance of colour-converters when using an OFDM
scheme. After converting the desired bit stream from the frequency-domain to the
time-domain using the IFFT block, the processed signal is fed to the waveform
generator which converts it in to an analogue-signal. Afterwards, it is amplified
and merged with a dc-signal through a bias-tee. Here, a blue optical source, such
as a uLED or a laser diode, is used to optically excite the colour-converter. The
photoluminescence is then imaged onto a photoreceiver and captured by an
oscilloscope. Using a Matlab® script, the signal is then converted to the frequency

domain using a fast Fourier transform (FFT) and demodulated [61].
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Figure 1.29 — Illustration of an optoelectronic set-up for data transmission using
OFDM [61].

Due to imperfections in the data link such as interference or distortion the
bit-stream can be totally or partially lost. In order to quantify the number of bits
errors a metric called Bit Error Rate (BER) is used. BER is determined through
the division of bit with errors by the total number of bits in the bit-stream.
Considering the bit-stream presented in Figure 1.24a, if two out of five bits were
lost, the BER would be 0.4 or 40%. There are several techniques to control the
errors in telecommunications, automatic repeat request (ARQ), forward error
correction (FEC) and hybrid automatic repeat request, which is a combination of
ARQ and FEC. Here, FEC was employed. It defines the maximum number of
errors that can occur within a bit-stream, and the ability to correct them, without

the need to retransmit the same bit-stream.

1.8 Optical Receivers

The optical power resulting from electroluminescence in the case of the
optical sources and the photoluminescence in the case of the colour-converters can
be quantified using an optical receiver. This converts the optical signal into an
electronic signal. Depending on the application, different kinds of optical receivers
can be used. To carry out this work, a Si photodetector and an avalanche
photodiode (APD) were used.

Semiconductors photodiodes can be designed based on reverse bias p-n or

p-I-n junctions. Figure 1.30 presents a reversed-biased p-n junction from a p-n
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photoreceiver. Photons can be absorbed at any depth within the semiconductor
structure resulting in electron-hole pair generation. However, only the electrons
and holes under an electric field — which is present in the depletion region — will
drift to the n and p layers, respectively, thus generating an electric current. The
resulting current is then proportional to the amount of photons. Photons absorbed
outside of the depletion region can still generate electron-hole pairs but due to the
absence of an electric field they are annihilated by recombination and do not
contribute to the generation of the electric current. Electron-hole pairs that are
generated close enough to the depletion region, thus under the presence of a very
low electric field can still diffuse to the depletion region contributing to the

generation of an electric current [62], [63].

(3)

Electric field
E

Depletion
region

Figure 1.30 — Schematic of a reverse-biased p-n junction in a photoreceiver under
external illumination. (1) diffusion of an electron and hole to the depletion region, (2)
absorption of a photon within the depletion region and respective formation of an
electron-hole pair and (3) annihilation of an electron-hole pair. After [62], [63].

By introducing an intermediate layer — i-layer — of undoped semiconductor
in between the p and n layers a p-i-n junction is created. The introduction of the
rlayer allows sensitivity of a detector to be improved or tailored by its thickness
since the depletion region of the device is increased. However, bigger depletion
regions reduce the junction capacitance and increase the carrier transit time,
resulting in lower bandwidths and reducing their ability to be applied in fast
modulation systems such as VL.C [62]. Apart from this, p-i-n photodetectors which
are not amplified, i.e. one photon only produces one electron-hole pair, are limited
in low light applications by noise. In order to circumvent these issues, avalanche

photodiodes can be used. They can be thought of as a p-i-n photodetector with an
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amplification stage where electron multiplication occurs. When a photon is
absorbed it generates an electron-hole pair where the electron drifts to the n-layer
and the hole to the p-layer. Due to biasing the junction near its breakdown
voltage, the carriers collide with the atoms in the crystal lattice and the resultant
ionisation creates more electron-hole pairs, which in turn can generate further
electron-holes pairs starting a chain reaction [63].

Due to the intrinsic properties of the semiconductor photodetectors and the
nature of photon detection, the noise produced during light detection can influence
their performance. At very low optical signals the noise floor of the detector is set
by the shot noise, the dark current noise and thermal noise. The shot noise derives
from the discrete nature of electric charge, 1.e. photons can be seen as particles
that are not detected or reach the detector at exactly the same time inducing a
time-dependent current fluctuation following a Poisson distribution. The dark
current noise results from the flow of current in the device even when there is no
light, behaviour that comes from the crystal defects in the depletion region. Apart
from this, thermal noise — also called Johnson noise or Nyquist noise — results
from the thermal agitation of electrons at equilibrium [62], [63]. The combination
of these factors limits the photoreceiver’s sensitivity and in the case of detectors
used for telecommunications, it increase the bit-error rate of the system, 1.e. data

bits of a bit stream are lost.

The optical characterisation carried out here was based on a commercial
silicon photodetector, Thorlabs S121C. It presents a wavelength range between
400-1100 nm with maximum detectable optical power up to 500 mW and active
area of 9.7 x 9.7 mm [64]. The photoreceiver spectral response is shown in Figure

1.31.
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Figure 1.81 — Thorlabs photodetector spectral response. After [64].

1.9 Summary

This chapter started by describing the motivation for the execution of this
work and how it can be important for visible light communications and lighting
solutions.

This was followed by the introduction of semiconductor physics important
for the understanding of how the optical sources, such as LEDs and laser diodes,
work, their main limitations and the required physical process to fabricate them.

Subsequently, the physics of the colour-converters used throughout this
work was presented. We started by introducing organic semiconductors, namely
BBEHP-PPV, followed by colloidal quantum dots and finally the epitaxial
structures based on II-VI and III-V alloyed semiconductors. There, a brief
explanation of the techniques employed to create each of them was presented,
followed by description of their structures.

The rest of this chapter provided a very brief explanation of modulation
schemes employed in visible light communications, such as PAM and OFDM, and
the physics behind the optical receivers to support some of the work done with the

optical sources and colour-converters presented.
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Chapter 2

Characterisation of optical sources

The preceding chapter focused on introducing the physics of the optical
sources and the colour-converters. In addition, a brief explanation of modulation
formats used in telecommunications was presented since the main purpose of this
study is to analyse a possible integration of these down-converters as part of
communication systems. In order to fully characterise the presented materials for
a possible system implementation a set of tests needed to be developed. Before
this though, the main optical sources for visible light communications used here,
namely commercial GaN LEDs, GaN pLEDs and GaN laser diodes had to be
characterised. The current chapter will start by providing an overview of the
set-ups used for optical source and sample characterisation along with a brief
explanation of the tests performed. The set-ups and tests will be applied
throughout the following chapters that will focus on presenting the most
important results for each one of the down-converters, i.e. colloidal quantum dots,
BBEHP-PPV, II-VI and III-V materials. At the end of the chapter, the data
obtained from the optical sources used throughout this thesis will be presented.
For simplicity, the CW and dynamic characteristics for each one of the devices

and colour-converters will be split into two sections.

2.1 Experimental setups

In our work, three separate excitation sources were used for VLC
colour-conversion, namely commercial GaN LEDs, custom-fabricated GaN pLEDs
and commercial GaN laser diodes. Initial tests were performed with
colour-converters not integrated with these sources, therefore an optical lens
system to collimate and focus the excitation light and then to collect and relay the

colour-converted light was required. At first, a set of small diameter lenses was
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used, however due to the LED’s divergent (Lambertian) emission profile and the
low lens numerical apertures (NA) most of the light was not focused onto the
down-converter. So, they were replaced by a set of aspheric condenser lenses,
ACLA4532-A which offer a large NA (NA = 0.61). By increasing the numerical
aperture one can increase the amount of light that goes through the optics
resulting in more light reaching the colour-converter. For small angles, a two-fold
increase in the numerical aperture will approximately double the acceptance cone

angle. This follow from the definition of numerical aperture:

NA =nsin6 2.1)

where n and 6 are the refractive index of the medium and the acceptance cone
angle, respectively.

The same principle was applied after the colour-converter, i.e. the emitted
down-converted light from it was collimated and then focused onto a power meter,
fibre spectrometer or photoreceiver. During some tests, a microscope objective was
incorporated in the set-up, after the last condenser lens, to reduce the beam
diameter for light detection improvement, especially in the bandwidth
measurements since there the photoreceiver’s active area was quite small. In
general, a FEMTO HSA-X-S-1G4-SI photoreceiver with an effective active area
diameter of @8 mm was used.

1) @ @ @ (5)
a)

b)

Figure 2.1 — Schematic illustration (a) and photograph (b) of the system used to
characterise the optical sources and colour-converters. (2) and (4) refer to the set of
aspheric lenses, (1) to the optical source, (3) to the colour-converter and (5) to the
photoreceiver.
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Figure 2.1 presents an illustration of the main set-up. To improve the
system alighment two translation stages are used, one to hold and control the
optical source and the other one photoreceiver. Depending on the test being made,
edge-pass optical filters were also used to block the remaining light from the
optical pump or the light from the colour-converter. In this case, the filter can be
placed right before the detector. Since the colour-converters have emissions in the
longer wavelength visible range (540nm and 630nm) and the optical sources emit
around 450 nm, three filters were used, namely FES0500, FEL0500 and FEL0550
from Thorlabs. Their cut-off wavelengths and respective transmissions are

presented in Figure 2.2.
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Figure 2.2 — Transmission spectra of the optical filters used during characterisation of
the optical sources and colour-converter samples.
Figure based on [1].

As indicated in Figure 2.2, the optical filters still absorb around 10% of the
transmitted light, in the case of the long-pass filters, and around 20% in the case
of the short-pass filter. This was taken into consideration in the data analysis. A
‘figure of merit’ for the colour-converter samples is the absorption and relative

emission efficiency. These are calculated, respectively, using the following

equations:

P, - (P roq + A(A) X P .
abSOT‘ptiOn (%) _ _source ( transmitted ( ) tTansmLtted)

X 100% 2.2)

Psource
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Pcolour—comierter

relative ef ficiency (%) = x100%
Psource - (Ptransmitted + a(l) X Ptransmitted) (2' 3)

where Psource 1s the power from the optical source without any colour-converter,
Prransmittea the power from the optical source that was not absorbed by the
colour-converter, Peolourconverter the power from the colour-converter and a(1) the
optical filter absorption. As said before, the light that is not absorbed by the
colour-converter is measured by using a short pass filter to block the
down-converted light. The same principle but using a long pass filter is used to
measure only the down-converted light.

In the case of organic semiconductors like BBEHP-PPV, it is important to
assess how stable the material is and for how long it can be used in visible light
communications since under continuous illumination it will photobleach — 1i.e.
show a decrease of photoluminescence intensity over time. Assessment of this was
performed using a similar setup to that depicted in Figure 2.1, but with a beam
splitter placed immediately before the sample under test. The power was then
measured for both excitation and colour-converted light during a defined period
of time using a controlling LabVIEW® programme created for this purpose. It is
important to measure the power from the optical source and the sample from the
beginning since the test can run for several days and temperature fluctuations
affect both optical powers.

Apart from the steady-state measurements, time-resolved and
frequency-domain measurements were also carried out. They allow the study of
characteristics that are not possible to analyse in the steady-state regime. The
main differences between these measurements are related to the test’s sensitivity.
The time-resolved measurements are able to temporally resolve the acquired
signals in a way that it is possible, through the intensity and decay curve,
distinguish a mixture of two or more components in the same sample and retrieve
information about the shape and molecular flexibility, something that would be
difficult using steady-state techniques since the acquired signal is averaged over
time [2], [3]. Knowing the carrier lifetimes which, as will be shown later, are
directly related to the colour-converter’s bandwidths, it is possible to infer how

fast a certain material can be modulated for data transmission.
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In the time-domain regime the measurements are performed using
time-correlated single-photon counting (TCSPC). Here, the samples are excited
using pulsed light sources with excitation pulses in the range of picoseconds (ps)
or femtoseconds (£s), shorter than the sample’s fluorescence decay times, 7. The
sample is periodically excited by a repetitive train of these pulses and the
intensity decay profile over time is recorded and displayed in a histogram form

[3]. A schematic of such a time-domain system is presented in Figure 2.3.

reference

light reference -
source light pulse electrical pulse
%g I} ﬂ START
i TCSPC
i Electronics _—
L 1
|:| D STOP
single single photon Memory
sample photon pulse Histogram

Figure 2.3 — Working principle illustration of TCSPC equipment [4].

The system relies on the capability of photon detection and ability to
determine the exact arrival time of a photon at the photoreceiver. The
measurement starts by recording the exact time the excitation source sends a
pulse using a constant fraction discriminator (CFD). The signal is then fed to a
time-to-amplitude converter (TAC), which will create a voltage signal that
increases linearly with time on the nanosecond scale. The arrival time of the
fluorescence signal is accurately determined through another CFD using a second
channel. This will work as a switch stopping the voltage signal being created by
the TAC. This signal is then proportional to the start-stop signal. After
amplification, using a programmable gain amplifier (PGA), the generated
analogue signal is converted to a digital signal by an ADC (analogue-to-digital
converter). The converted signal is then sampled as a histogram, where the x-axis
is the time interval between the excitation source pulse and the photon detection
from the fluorescent material and the y-axis the number of photons detected in
those intervals. The system response is further improved by removing low
intensity signals such as noise or false readings which will impair the calculated

response. This is done by setting a minimum threshold intensity level for the
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detected signal to be considered. This detection range is limited by using a window
discriminator (WD) [2].

The TCSPC can have two operating modes, the forward mode in which the
starting signal is set by the excitation source and the reverse mode where the
acquisition is started by the fluorescent photons. The photon lifetime is directly
related with the TAC signal, the ability to sense a photon will depend on how fast
the TAC can be reset, set to zero and detect another incoming photon, this process
is usually referred to as dead time and no photon is detected during this period.
TCSPC conditions are set to detect one photon or less per pulse, otherwise only
the first photon is detected and the following ones lost. This leads to an
oversampling of early photons biasing the histogram to shorter times and increase
of order in the exponential decay curve, such effect is called pulse pile-up [2]. To
avoid this, the photon detection rate should be smaller than the repetition rate of
the excitation source [4]. By using a reverse mode, the signal does not need to be
reset at every iteration. The only constraint comes from the required pump’s shift
delay that needs to be set so it will arrive at the input of the TAC later than the
fluorescent pulses from the detector [2], [4]. By repeating this process until the
desired number of counts is obtained, it is possible to create a histogram
displaying the average decay lifetime. The decay time is then calculated by fitting

the data with a multi-exponential decay model:

1) = ) aexp (—t/7)

i

2.4)

where, aiis the intensity at time O and 7; is the decay time. The intensity decay
can be single-exponential or multi-exponential. Depending on the decay
complexity, one can always define a mean decay time. In the case of a single decay
time, the lifetime is given when the initial intensity drops by 1/e.

In this work, the fluorescence lifetime of a sample was determined through
the reconvolution of the system response and the theoretical equation of the
intensity decay presented above, I(t). This was done using the commercial
software T900® from Edinburgh Instruments®. Here, the instrument response,

E(@), and the convoluted response, F(t), are measured separately. Then, the
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software fits the convoluted sample response F(t) to the data in order to find the

parameters a; and 7 from the decay model equation, expression (2.5) [5].

t

F() = f E(¢)I(t — t')dt’ @.5)

0

Another approach to measure the decay time is by a frequency-domain
method. Here, instead of being pumped with very short optical pulses the samples
are excited with an intensity modulated signal. From this, it is possible to infer
the samples’ maximum bandwidths and modulation speeds. The lifetime can be
determined by the phase-shift between the excitation modulation and the
modulated emission or by the decrease in signal amplitude relative to the
excitation modulation. This i1s possible due to the delay set by the
absorption-emission of photons. In addition, the finite carrier excited lifetime
results in the demodulation of the emission usually expressed by the factor m,,,
expression (2.11). The demodulation will cause a reduction of peak-to-peak
amplitude of the modulated signal. Figure 2.4 illustrates schematically the

phase-shift and modulated emission from a down-converter.

e Optical source modulation
Colour - converter modulation

Figure 2.4 — Schematic of the phase shift and modulation from the optical modulator
and colour-converter at the same frequency (figure based on [2]). The modulation
factor between each wave can be determined by using expression (2.7).
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The intensity drop from the emission with increase of modulation frequency
comes from the inability of the excited carriers to follow the modulation due to
their lifetime. Consider for example a sample with carrier lifetime of 10 ns
modulated by a sine wave with a period of 200 ns, which corresponds to a
frequency of 5 MHz. This means the carriers will follow closely the excitation
intensity with a low phase-shift from the initial signal since the carriers will have
time to relax and to be photo-pumped again. Increasing the modulation up to 200
MHz, which corresponds to a period of 5 ns, that is half of the carrier lifetime,
means they will be excited twice in the same modulation cycle. This results in an
averaging of the decay across the full modulation, resulting in a phase-shift and
decrease of signal amplitude with increase of modulation frequency. Considering
a single-exponential decay, the lifetimes can be determined using the phase-shift

and the modulation factor by:

tan@,, = 2nft 2.6)
_ B/A _ 1

" b/a [1+ (2rf)?7? 2.7)

me

Here, @, is the phase-shift angle, f is the modulation frequency and 7 the lifetime.
By sampling the single-exponential over a pre-determined set of frequencies it is
thus possible to determine the frequency response. A single-exponential decay will
not fully describe a sample containing multiple components, where the lifetime
must be considered as a weighted contribution. Such a multi-decay can be

expressed by:

] aiw‘riz

Nw) = (;::_ZT?) @.8)
ety

D(w) = (t21:+:2112) 2.9)

where N(w) and D(w) are, respectively, the sine and cosine Fourier transforms of
the intensity decay, expression (2.4) [6]. From this, the phase angle and the

demodulation factors can be obtained by:
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w

tan@, = E (2.10)

m(w) = (N(w)? + D(w)?)Y/? 2.11)

There are different processes to acquire a frequency response from any
device/down-converter, however they follow the same principle. An optical source
is modulated over a certain range of frequencies and the modulated emission is

recorded and mathematically processed to obtain the lifetime.

In this work, in order to obtain the bandwidths and/or the lifetimes from the
optical sources and the colour-converters the set-up used is as depicted in Figure
2.1. The modulation signal, hereafter referred to as the RF signal, was electrically
coupled to a DC signal and fed to the optical source using a wideband Bias-Tee
(working range from 0.1 up to 6000 MHz). The modulated signal, coming from the
optical source or the colour-converter was then imaged onto the photoreceiver,
Femto HSA-X-S-1G4-SI with bandwidth up to 1.4 GHz. An Agilent HP 8753ES
Network Analyser was used to generate and record the measured frequency

response, see Figure 2.5.

Response (dB)

T LR | T LRI | T LR |
10° 10° 10’ 10°
Frequency Response (MHz)

Figure 2.5 — Typical frequency response of a modulated uLED (black curve) and the
respective fit (red curve) to obtain the bandwidth.



Chapter 2 — Characterisation of optical sources 2-10

The bandwidths are obtained by fitting the frequency response with a
single- or multi-exponential decay, following expression (2.11). This was done
using a Matlab® script. In the case of the colour-converters however, a pre-fitting
step is required in order to determine their intrinsic frequency response. Similarly
with the TCSPC method, the resulting system response is the convoluted signal
from the frequency response of the colour-converter and the optical excitation

source, equation (2.12).

Msystem response (w) = Moptical source (@) * Meorour—converter (@) 2.12)
N
. . 2
S= Z(x(l) - xref(l)) (2.13)
i=1

After the data acquisition, it is loaded into the software, de-convoluted,
normalised and linearized. Then, using a least-square method, as presented in
expression (2.13), where N is the number of data points, the software minimises
the sum of the squares of the raw data, x(1), and the predicted model, xrer(1). After
minimisation, the data is interpolated in order to obtain the value of bandwidth.
Care should be taken in this step, as one should determine if the recorded data
corresponds to electrical or optical power. The network analyser used for
bandwidths measurements converts the current generated in the photoreceiver,
produced by the incoming photons, into an electrical power, so the electrical
bandwidth will correspond to the value in which this power drops to half of its
initial value [7]. There is, though, some equipment in which the optical power is
proportional to a current and where the optical bandwidth is the value at which
the current drops by half. The relationship between bandwidths of the electrical
and the optical powers can be seen in Figure 2.6, showing that the optical -3 dB
is equivalent to the electrical -6 dB value. All the recorded data is in electrical dB,
but throughout this thesis it will be presented as optical dB and thus the
bandwidths described are the -3dB optical bandwidths [7].



Chapter 2 — Characterisation of optical sources 2-11

-3dB = -6dB
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Figure 2.6 — Illustration of the difference between electrical and optical bandwidths
from a typical frequency response of a uLED.

In addition to the bandwidth measurements, several data encoding schemes
were considered to assess the device feasibility as a data transmitter (see Chapter
1). The optical set-up for this was the same as previously described. For the
Pulse-Amplitude Modulation (PAM) an Agilent Technologies 81150A Pulse
Function Arbitrary Generator was used to provide the required data stream. The
modulation signal was then coupled to a bias signal using a wideband Bias-Tee.
At the receiver end, the signal was focused onto an OMEGA avalanche photodiode
(APD) that was connected to an Agilent Technologies MS0O71043 oscilloscope [8].
For the OFDM test, an Agilent 81180A Arbitrary Waveform Generator was used
to deliver the desired analogue signal. The signal before being transmitted
through the device was amplified (Mini-Circuits ZHL-6A). The optical response
was then acquired by the APD and mathematically processed using a Matlab®
script. Here, the detected signal is converted to the time domain using a fast
Fourier Transform (FFT) and demodulated [9].

The APD was designed and built at Oxford University and it is based on a
commercial avalanche photodetector, Hamamatsu S8890, combined with a
commercial transimpedance amplifier, Maxim MAX 3665. The generated
analogue signal from the arriving photons is then passed to a limiting amplifier

creating a logic level. In order to increase the light collection, and consequently
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the system gain, an optical concentrator can be placed on top of the avalanche
detector window [8].

The data transmission can be further analysed by referring to an eye
pattern, more commonly known as an eye diagram. This is used in first instance
to evaluate the transmitted signal and identify possible issues that will impair
the signal integrity [10]. The eye-diagram is so-called since the pattern displayed
by an oscilloscope presents a shape similar to an eye. This is done by overlapping

sets of bits from the main data stream with a desired periodicity, see Figure 2.7.
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Figure 2.7 — Illustration of an eye-diagram pattern. a) Representative set of bits, b) bit
modulation and c) periodic overlap of the set of bits forming an eye-diagram.

In a real telecommunication system, the eye diagram will present distortion
due to system impairments such finite rise and fall times, impedance mismatches,
jitter and interference from cables and connectors. This will cause a reduction of
amplitude in the detected signal and results in eye diagram ‘closure’ leading to an
increase of data errors, see Figure 2.8. The distinction between bits is made by
setting a threshold level in which the signals above it are recognized as 1’s and
below as 0’s. The noisier the signal the more difficult it is to resolve it, leading to

an increase in the Bit Error Rate (BER), expressed as:

number of errors

BER =
total number of transmitted bits 2.14)
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\

Figure 2.8 — Eye-diagram at a) 50Mbit/s and b) 100Mbit/s from the same
quantum dot samples under the same pumping conditions (see Chapter 3). The eye
diagram closes at the higher data rates due to factors including the upper state
lifetime.

As explained in subchapter 1.5 and demonstrated in the following chapters,
different advanced modulation formats can be employed in certain circumstances

to overcome these limitations.

2.2 Optical source characterisation (WLED, commercial LED, Laser

Diode)

The basic optical characterisation data from each of the optical sources used
during this work will be presented below and was obtained using the set-ups
described above. Three different optical sources were used. The tests started with
a commercial OSRAM Dragon PowerStar GaN LED for slow colour-converter
tests, followed by InGaN uLEDs fabricated in house by Dr. Enyuan Xie for faster
modulation. Since the samples initially were tested in non-integrated format and
then were integrated onto the optical sources, three different uLED chips were
utilised. For the non-integrated test, a chip containing four pixels of the same size,
100 x 100 um?2, was used. For inorganic semiconductor platelet integration, two
further chips were designed. As will be presented in Chapter 4, the II-VI
membrane was integrated onto a chip with 10 pixels of the same size,
100 x 100 um2. In the case of the III-V membrane, a chip with 8 pixels of sizes
50 x 50 um?2, 75 x 75 um2, 100 x 100 um? and 150 x 150 pm?, respectively, was
fabricated. In addition, to study the down-converters at high power densities an

OSRAM PL450B GaN laser diode was used.
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The following subchapter will start by presenting the data measured in

continuous-wave regime followed by the dynamic characterisation.

2.2.1 Continuous wave (CW) characteristics

The first optical source we consider is the OSRAM Dragon PowerStar GaN
LED, see Figure 2.9a. This is a commercial blue light source that can be used for
down-converter excitation. The light-emitting die, which has an active area of
300x300 um?, is covered with an epoxy dome that increases the light extraction
efficiency and can redirect the emitted light. The epoxy dome also mechanically
protects the GalN chip and the fragile wire bonds, as depicted in Figure 2.9b. This
device is coupled to a small star-shaped passive heat sink in order to minimise
heating effects, see Figure 2.9a. As explained in Chapter 1, heat causes an
increase in the non-radiative carrier recombination causing a reduction in LED
performance or even resulting in permanent device failure. Furthermore, if one
needs to integrate down-converter materials in such devices, heat management
issues will be reduced since they already have a passive heat sink. To further

improve the heat management, the LEDs were mounted onto a metallic plate.
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Figure 2.9 — a) Picture of an OSRAM Dragon PowerStar LED and b) schematic of an
LED die. The schematic depicts the epoxy dome that is used to protect and redirect
the LED s output. Also, all the wiring and the heatsink are shown. (after [11], [12])

According to the datasheet the LED can be driven up to 1000 mA and
presents a Lambertian emission with viewing angle of 120°. However, the
maximum driving current was set at 300 mA which corresponds to an optical
power output around 110 mW. This is the maximum power that can be measured

by our power meter before saturation in the set-up used, see Figure 2.10a.
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Figure 2.10 — a) L-I-V curves and b) optical spectrum at 100 mA for the OSRAM
PowerStar LED.

Figure 2.10b presents the commercial LED spectrum measured at 100 mA.

It shows a peak-emission centred at 450nm, with FWHM of 15 nm.

As previously stated three different flip-chip pLEDs were fabricated, one for
testing the samples without integration and the other two for inorganic
semiconductor platelets integration. The optical tests of these devices were also
performed using the setup depicted in Figure 2.1. For emission at 450 nm the
uLEDs are based on epi-structures containing eleven Ino.1sGaNo.s2/GaN
multi-quantum wells with a 0.16 um Mg-doped cap epilayer, 4 um of undoped GaN
and 2.5 pm Si-doped GaN grown on c-plane sapphire substrate. After designing
the desired pixel sizes and layout, a photo mask was fabricated in order to pattern
a photoresist layer deposited onto the wafer before plasma etching. This allowed
creation of the LED mesas with the desired pixel size. Afterwards, a passivation
layer of silicon oxide (SiO2) was deposited by plasma-enhanced chemical vapour
deposition (PECVD). To electrically drive the pixels, p-contacts were created by
evaporating Ni/Au (10/15 nm) metal multilayers onto small apertures created in
the passivation layer by buffered oxide wet etch. The n-contact for each chip is
shared between all pixels, using pads made of Ti/Au (50/200 nm) [13]. After
fabrication the chip was then bonded onto a printed circuit board and each pixel
electrically connected to a SMA connector by wire-bonding the n- and p- contacts
to the desired metal tracks. The L-I-V curves and spectral response from each

device, free-space uLED, II-VI and III-V pLEDs are presented in Figure 2.12,
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respectively. (V.B.: what we refer to as II-VI and III-V uLEDs are here the
underlying GaN pLEDs later bonded to these materials).

A commercial InGaN OSRAM laser diode was also used to test the
fabricated colour-converters. The use of a laser diode allows the study of these
materials in high power regimes that are not achieved with LEDs. Their
modulation bandwidths are also much higher than the light emitting diodes,
making them interesting for visible light communications. The blue laser diode
used is based on the same III-V alloys as the uLEDs, however the detailed
epitaxial structures and fabrication process is different. Cleaved and
polished/etched facets form an optical resonator in this case, and the device is
driven until feedback combines with stimulated emission to reach laser threshold
[14]. The spectral response and L-I-V curve for the laser diode used are presented

in Figure 2.11.
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Figure 2.11 — L-I-V curve and spectral response for the commercial laser diode.

As will be presented in Chapter 5, the dependence of modulation frequency
response on the excitation power density at the colour-converter was studied. The
power density was determined using a Coherent Beam Master to measure the
spot size of each optical source. In order to focus the beam onto the detector, a pair
of aspheric lenses ACL4532-A were used. To avoid irreversible damage to the
detector’s head a neutral density filter was placed inside the detector slit
alongside an external attenuator wheel. Using a translation stage, a range of
distances along the focused beam were swept in order to determine the focal point
position and spot size. The data was then stored in a file which registers the

optical power and the detector’s reference axis components Vand W of the beam.
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From the Lambertian emission profile one needs to extract the Full Width
Half Maximum (FWHM) from both profile components in order to calculate the
spot size. This was done using a Matlab® script in which the values were obtained

using a Gaussian fit, see expressions (2.15) and (2.16):

_ (x—xo)z]

y =7y, + Ae 2w? (2.15)

FWHM = 2w./In (4) (2.16)

where A corresponds to the Gaussian fit amplitude, xo the value where the
maximum of the peak amplitude is localized and 2w the Gaussian RMS width.
Since the beam profile was fitted with a Gaussian function there is an intrinsic
fitting error in the power density determination. In order to determine this error,
both FWHM components were obtained by a weighted average from the measured
currents at focal point. From this, the area of the beam was calculated. It was
considered to be a circular focal point for the LED’s and elliptical for the laser
diode.

The reduction of emission efficiency at higher driving currents — usually
referred to as efficiency droop — depicted in all L-I curves is due to the increase of
current density. Such behaviour may result from heat or, as described in Chapter

1, Auger non-radiative recombination.

2.2.2 Dynamic characteristics

As stated previously, in addition to the CW characteristics the optical
sources and the colour-converters were also studied dynamically. For this, the
optical set-up was basically the same as presented previously with the main
difference being the use of a Bias-Tee to combine a DC and RF signal. The output
signal then modulated the optical source and, when required, also drove the
source to excite the down-converter samples. The bandwidths obtained from the

optical sources will be presented below.
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2.2.2.1 Modulation Bandwidth

To understand how the frequency response changes with different driving
conditions, the devices were first powered at low currents which was increased
afterwards until the maximum optical power before roll-over. For each of the
currents, the frequency response was determined using the method presented in
subchapter 2.1, equation (2.11). In the case of the commercial LED, the maximum
achievable bandwidth was found to be around 11 MHz, see Figure 2.13. As
previously explained, the bandwidths are intrinsically related to the material
under study. The faster the carrier recombination the faster the device can be
modulated. Furthermore, the bandwidths are related to the current density. By
increasing the driving current within the same device, there is an improvement
of frequency response. The mechanism behind this behaviour is still under
scientific debate but recently some groups have suggested that Auger
non-radiative recombination plays a major role in this process [15], [16]. By
employing the ABC model (described in Chapter 1), where A, B and C represent,
respectively, the Shockley-Read-Hall, radiative and Auger recombination, it is
possible to match the differential carrier lifetime measured experimentally to the
radiative and non-radiative contribution to the lifetime [16]. It is thereby shown
that the carrier lifetime will be reduced by an increase of current density. Apart
from this, other possible explanations were presented by other groups such as,
recombination at defect sites at higher carrier density and leakage of electrons
from the active region [17], [18].

From the above discussion, we can expect an increase of modulation speed
when the active area of the LED is decreased, because in that case modest
currents give high current densities and thus reduced differential carrier
lifetimes. This effect has been studied previously for pLEDs by M<Kendry et al.
[19]. This behaviour is confirmed for pLED devices in Figure 2.13 and Figure 2.14.
The smallest uLED, 50 x 50 pm?2, presents a maximum current density of 64 A/cm?
whilst the 75 x 75 um2, 100 x 100 pm? and 150 x 150 um?2 devices present

maximum current densities of 35.5 A/cm2, 20 A/cm? and 8.9 A/cm?2, respectively.
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The bandwidths of the different 100 um?2 devices are similar reaching a
maximum of 120 MHz at 200 mA or 20 A/ecm?2, which corresponds to the current
before thermal roll-over. Higher bandwidths can be achieved with smaller pixels,
meaning higher current densities, reaching a maximum of 250 MHz in the studied
50 um device.

The laser diode bandwidth was measured as well following the principles
described above. However, it was found that its frequency response is higher than
the bandwidth of the FEMTO photoreceiver of 1.4 GHz, see Figure 2.15, so no

definite measurement was possible.
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Figure 2.15 — Frequency response of the FEMTO photoreceiver measured when
trying to determine the frequency response of the laser diode.

2.3 Summary

In this chapter, the tests and set-ups used to analyse the optical sources and
colour-converters throughout the present work were described. Section 2.1
provided an in-depth description of the experimental setups and consideration
taken in order to be able to compare the performance of the different
down-converters. A basic time-correlated single-photon counting system used to

determine the semiconductor carrier’s lifetime has been discussed. In addition, a
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description was given of the calculations to extract the frequency response of the
optical sources and down-converters. An important test for telecommunications
performance analysis uses eye diagram patterns to assess the data transmission
quality. Such tests were described here and through the manipulation of a bit
stream, an eye diagram construction was presented.

In section 2.2, the optoelectronic characteristics of the different GalN optical
sources were presented. This began by presenting the continuous wave
characteristics for a commercial LED. It was found that a maximum driving
current of 300 mA gave an optical output power of 110 mW with a peak
wavelength emission centred around 450 nm. Smaller LED pixel sources, with
emission at 450 nm, were fabricated in house and used to pump down-converters.
In this case, it was found that the maximum achievable optical power output was
16 mW for a driving current of 200 mA with a pixel size of 150umx150um. The
smallest tested pixel was 50umx50um and presented a maximum optical output
of 6 mW at 150 mA. A commercial laser diode was used as well to characterise
down-converters. This presented a peak emission centred at 450 nm with an
optical power output of 100 mW at 160 mA. The dynamic characteristics section
presented the bandwidths of all the optical sources described in the continuous
wave section. The commercial LED showed a maximum bandwidth of 11 MHz at
500 mA and the pLED bandwidths were between 250 MHz and 50 MHz depending
on their size. As was discussed, smaller pixels present a higher frequency
response.

The bandwidth of the laser diode was studied as well. However, its

bandwidth was higher than the 1.4 GHz bandwidth of the photodetector used.
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Chapter 3

CQD and BBEHP-PPV colour-

converters

Following the optical sources characterisation chapter where the optical
set-ups were described and the optoelectronic characteristics of such sources
discussed, the study of down-converters for visible light communications will now
be introduced. The materials for colour-conversion which are considered here are
red and green colloidal quantum dots and the green-emitting polymer polyl2,5-
bis(2',5"-bis(2"-ethylhexyloxy)phenyl)-p-phenylene vinylene] denoted
BBEHP-PPV [1].

The chapter will start with a detailed description on preparing the
colour-converters as composites, followed by the CQDs’ continuous wave
characteristics, L-I-V curves, spectral response and absorption and relative
conversion efficiency dependence with increased PMMA concentration in the
composite. The dynamical characteristics are also presented and comprise
measurements of bandwidth, lifetimes and advanced modulation formats. The
CQD bandwidth measurement was made in collaboration with Dr. Sujan
Rajbhandari at the University of Oxford. The chapter will end with the results
from the CW and stability tests performed with the BBEHP-PPV

colour-converter.

3.1 Preparation of CQ composites

As was introduced in Chapter 1, we study two main types of colloidal
quantum dots (CQDs), namely ‘alloyed’ and ‘core-shell’. The main difference
between them comes from their physical structure. In the case of core-shell dots

the core and the shell are well defined by an interface (potential barrier) whilst
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the alloyed ones have graded composition radially from the centre. A schematic
illustrating both types of CQDs was presented in Figure 1.10.

As explained in Chapter 1, the emission properties of colloidal quantum dots
depend on the composition, size and alloy ratio constituting these semiconductor
nanoparticles. With a decrease in size, there is a spectral shift to bluer
wavelengths, behaviour easily seen when quantum dots with the same alloyed
structure but with different sizes are optically pumped using the same source.
With size reduction, there is a higher quantum confinement that increases the
band gap energy resulting in the emission of photons with higher energies.
Additionally, in the case of core-shell CQDs, the shell thickness is important since
it will influence the photoluminescence intensity and electron-hole recombination
lifetime. The combination of these characteristics makes the CQDs an interesting
material to be studied for visible light communications [2], [3]. In our work,
graded/alloyed quantum dots based on the ternary II-VI semiconductor
CdSSe/ZnS were studied. As mentioned in Chapter 1, the graded quantum dots
offer higher quantum efficiencies than core-shell, reaching in some cases up to
50%. This is due to the reduction of non-radiative processes, such as Shockley,
Read and Hall recombination, caused by the surface/interface trap states in the
core-shell interface [4], [5]. The emission properties of these alloyed nanoparticles
can be tuned by adjusting the ratio of CdSxSei-x. A higher percentage of sulphur,
S, will have a predominant emission at high energies (bluer wavelengths), whilst
higher percentage of selenium, Se, will shift the emission to lower energies (redder
wavelengths) [6].

The CQDs used throughout this thesis were bought from Sigma-Aldrich and
are provided in a monodisperse solution of toluene with a concentration of
1mg/mL. Both the red and green CQDs have a mean diameter of 6 nm and they
have peak spectral emissions at 540 and 630 nm, respectively. The nanoparticles
are of the same ternary alloy CdSxSe1x passivated with a ZnS layer, however the
alloy composition ratio is different. A higher percentage of S than Se will induce
a spectral shift towards the blue region of the spectrum. In order to integrate this
kind of down-converter onto GaN optical sources, a range of different approaches
for sample fabrication were studied. Initial tests included spin-coating or
drop-coating the CQDs at different concentrations on glass slides and then

encapsulating them using similar glass covers. This approach proved ideal for
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some of the first optical tests, however due to the encapsulation system most of
the light is trapped and waveguided within the glass slides. Furthermore, a
higher density of semiconductor dots was found near the edges of the substrate,
resulting from a high substrate surface smoothness allied with a low viscosity
CQD solution. To increase the uniformity of the QD film and eliminate the need
for an ‘external’ encapsulation, composites with PDMS (Poly(dimethylsiloxane))
or PMMA (Poly(methyl methacrylate)) polymeric matrices were studied. This
approach provides a homogeneous mix at different concentrations. After
solidification, the polymer also provides a transparent host matrix and has the
advantage of protecting the down-converting medium from degradation by
isolating it from the surrounding ambient. In addition, after fabrication the
samples can be detached from the carrier substrate/stamp, giving free-standing
membranes more suitable for optical tests.

The desired shape and sample thickness was achieved using a PDMS mould
and pouring the CQD/PMMA compound into it. To do this, a few squares of glass
were cut from a glass cover slide with a thickness around 1.25 mm and a few mm?
of area. After cleaning the glass squares, they were placed onto an aluminium
dish and the PDMS solution poured until the squares were covered in order to
create a well. A schematic of the process is presented in Figure 3.1, where step 1
shows the placement of small glass squares into a Petri dish that will provide the
desired colour-converter size and volume. Step 2 shows the pouring mechanism of
a polymer such as PDMS. In step 3, and after allowing some time to dry the
polymer, it was removed from the Petri dish. The moulds were removed and the
mix CQD/PMMA poured into the vacant wells created by the impression of the
glass slides. Finally, in step 4 the dried colour-converter/polymer mix was
released from the PDMS and at this stage the samples are ready to be tested.

The PDMS solution is made by the combination of two silicon rubber
compounds, SSR1V615A and SSRTV615B, at a ratio of 10:1. The compound is
then left to dry overnight and after drying, cut and washed in a methanol bath
using an ultrasonic cleaner to avoid contamination during the sample fabrication.

During this study several CQD-to-PMMA weight ratios were analysed.
Below will be presented CQD/PMMA weight ratios of 1, 5 and 10%, respectively,
for the green and red nanoparticles. To achieve the desired ratios, the mass of the

CQDs needed to be determined.
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Figure 3.1 — Schematic showing the fabrication process of the PDMS stamps.

To do so, a 2000 pL vial was initially weighed and filled with the desired volume
of monodisperse alloyed CQDs. Using an extraction pump, the toluene solvent was
evaporated to leave a precipitate of CQDs. The vial with the precipitate was
weighed again and the overall mass of the CQDs determined. The corresponding
weight of PMMA was then added in order to get the desired ratios. At this stage,
we have a precipitate of CQDs and PMMA so, in order to mix both and create a
homogenous film, one needs to add a solvent such as toluene. It was found the
best concentration of PMMA/solvent to achieve this goal was 250 mg/mL. So,
knowing the overall mass, the necessary solvent volume was pipetted into the
vial. The final solution was then left to stir overnight at room temperature to
obtain a homogeneous film. Some of the fabricated samples are presented in

Figure 3.2.

Figure 3.2 — a) Green and b) red alloyed quantum dots in PMMA, 400 um thick, at
10% w.r.
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3.2 Preparation of BBEHP-PPV composites

The BBEHP-PPV polymer was synthetized by Dr. Oleksandr Kanibolotsky
in the Chemistry Department of the University of Strathclyde. The
down-converter preparation for optical characterisation is similar to that
discussed previously for the quantum dots. Initially, as for the quantum dots,
several approaches were studied in terms of suitability for allowing integration
with the optical excitation sources. The best approach resulted from the
combination of this organic semiconductor with PDMS, rather than PMMA, used
with at a weight ratio of 4% (BBEHP-PPV/PDMS). In order to dissolve the organic
semiconductor, since after synthesis it becomes a powder, chloroform was added
until the desired concentration was achieved. The solution was then left to stir
until full uniformity was observed. Afterwards, PDMS was added at the desired
weight ratio. The resulting mix was further left to stir at room temperature for a
few days until the BBEHP-PPV was fully mixed with the polymeric matrix. The
resulting composite could then be poured into a PDMS mould or spin-coated onto
a glass slide and left to dry overnight, see Figure 3.3a. For BBEHP-PPV/PDMS
film fabrication, the material can be poured onto a dish or drop-coated onto a glass
slide, Figure 3.3b and c. Using one of these approaches, the final samples show

properties such as high mechanical flexibility and high surface adhesion.

a) b) c)

2 mm ) 2 mm : 2 mm
D e o - D e R e 4

Figure 3.8 — BBEHP-PPV/PDMS samples fabricated using a) a PDMS stamp and b, c)
drop coated to create a down-converter film with different thicknesses.

To test these samples two sets of condenser lenses and optical filters to block
the remnant light from the pump or the colour-converter were used. A more
detailed explanation of the optical tests and the set-ups is provided in Chapter 2.
A schematic is depicted in Figure 2.1.
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The following sections of this chapter are organised as follows. The data
acquired from the CQDs in the CW regime will be presented first followed by the
results in the dynamic regime. Afterwards, the data obtained from the
BBEHP-PPV samples in the CW regime will be presented. At this stage, high data

rate transmission was not studied for the organic samples.

3.3 CW characteristics of the CQD materials

Two GaN optical sources were used for continuous wave (CW)
characterisation, namely a pLED and an off-the-shelf OSRAM laser diode
(PL450B). They can be driven up to 200mA and 160 mA, providing a maximum
forward optical power output of 8mW and 100mW, respectively. The samples were
placed in the optical cage system set-up (Chapter 2, Figure 2.1) and for all of them
the input and output optical power was recorded. This procedure was performed
using both of the optical sources, initially for the stand-alone optical source, then
optical source plus alloyed quantum dots and finally for the colloidal quantum
dots (the unconverted light, if any, from the source was blocked using one of two
long pass filters, FEL0500 or FELO0550 with cut-off wavelength of 500 nm or 550
nm, respectively). The optical power from the colour-converter (stand-alone) and
the unconverted blue light from the source have a 10% and 20% correction which
corresponds to the light absorbed by the optical filter within that range (Figure
2.2). Due to the green spectral tail from the GaN optical sources, and only when
using the FEL500 optical filter, the data from the green quantum dots was
corrected by subtracting this contribution from the standalone colour-converters’
optical power.

The calculated absorption of the pump and relative optical-to-optical
conversion efficiency from the green quantum dots in PMMA at different weight
ratios when respectively pumped with a GaN laser diode (LD) and a pLED are

presented in Figure 3.4.
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Figure 3.4 — Absorption and relative conversion efficiency for the alloyed CQDs with
emission at 540 nm pumped a) and ¢) with a uLED and b) and d) with a LD. The
samples have weight ratios of 1%, 5% and 10%, respectively.

A summary table with the mean absorption and relative conversion
efficiency of the green samples is shown in Table 3.1. The absorption and relative
efficiencies presented in the table have an associated error of around 2% that

result from the samples’ weight ratio and thickness uncertainty.

Table 3.1 — The average absorption and relative conversion efficiency for the green
quantum dot samples at different weight ratios when pumped with a LED and a laser

diode (LD).
Absorption (%) Relative Efficiency (%)
CQDs 540 nm
uLED LD uLED LD
1% 63.0 61.1 5.6 6.3
5% 91.2 94.2 8.7 7.1
10% 97.4 99.5 9.2 6.4

From the graphs and the values presented in the previous table, there is an
increase of absorption with almost a doubling of relative efficiency between 1%

and 10% when using the uLEDs. Between optical sources, uLEDs were the ones
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achieving higher relative efficiencies of around 9% against 7% for the LD. Such
difference, could be explained by the different beam diameter from the excitation
sources, 260 pm for the uLED vs 69 um for the LD. A wider beam area is able to
excite more CQDs resulting in a higher conversion efficiency. On the other hand,
with smaller beam diameter and higher optical power than the uLEDs, the LD
presents a much higher power density which may deform, due to heat, the
polymer matrix in which the quantum dots are incorporated. Such behaviour may
be seen in Figure 3.4d in which there is an increase of efficiency up to 40 mA and
then a noticeable roll-over. Under that current, as shown in Figure 2.11a from
Chapter 2, the laser diode is still below lasing threshold, presenting similar

emission characteristics and similar optical power as a puLED.
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Figure 3.5 — Absorption and relative conversion efficiency for the alloyed CQDs with
emission at 630 nm. The samples have weight ratios of 1%, 5% and 10%, respectively.

In addition to the green CQDs, the red alloyed dots were also tested. The
mean absorption and relative optical-to-optical conversion efficiency are
presented in Figure 3.5, at the same concentrations and using the same excitation

sources and experimental conditions as before.
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A summary table with the mean absorption and relative conversion
efficiency of the red samples is shown in Table 3.2. As mentioned before, they
present an associated error of around 2% that results from the samples’ weight

ratio and thickness uncertainty.

Table 3.2 — The average absorption and relative conversion efficiency for the red
quantum dots samples with different weight ratios.

Absorption (%) Relative Efficiency (%)
CQDs 630 nm
uLED LD uLED LD
1% 82.3 80.1 1.3 1.2
5% 97.9 98.1 1.2 0.9
10% 98.3 99.0 1.1 0.6

For the green CQDs, considering the data from the pLED excitation, the
samples with the biggest absorption were those with weight ratios around 10%.
In the case of the red colloidal quantum dots, there is no noticeable difference in
relative conversion efficiency for the different ratios, being in all cases around 1%.
The green CQDs, however, show efficiencies of between 6% to 9%. The difference
in the efficiencies between the green and red quantum dots is due to the different
Se’S ratios in the alloyed structure. The cores of these dots are based on CdSe
being gradually graded to CdS. With the reduction of S, and consequent spectral
peak shift to the red wavelengths, the lattice mismatch between the CdSe core
and the ZnS will create an increase of non-radiative Auger recombination leading
to a reduction of efficiency [7]. To provide a better insight of the quantum dot
properties, the photoluminescence quantum yield (PLQY) was measured for the
1% and 10% samples. For this we used a Hamamatsu integrating sphere
C9920-02 luminescence system with a laser as excitation source with peak
emission at 450 nm. The results obtained are presented in Table 3.3. The
quantum yields differ from the earlier efficiency measurements primarily because
an integrating sphere is used, resulting in the detection of all the emitted light
from the sample, whilst in the relative efficiency measurement only the forward

emitted light was collected and measured.
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Table 3.3 — PLQY values from the quantum dots in PMMA at different weight ratios.

CQDs 540 nm PLQY (%)
1% 60.7
10% 56.4

CQDs 630 nm PLQY (%)
1% 14.2
10% 13.2

Despite this difference, a similar trend was observed confirming the initial
tests. The green quantum dots show higher efficiency due to the lower band-gap
offset, and consequently lower surface trap density, mainly from the interface of
ZnS and CdS, when compared with the red quantum dots.

Another noticeable aspect when examining Table 3.2 is the efficiency drop
with increasing weight ratios when a laser diode is used as the optical source.
This could indicate a stronger effect from pump light re-absorption at this
particular thickness or polymeric matrix degradation with increasing power
densities due to heat. In order to analyse which effect impaired the efficiency, the
forward optical powers from the green and red colloidal quantum dots, pumped
with both optical sources, are presented as a function of drive current in Figure
3.6 and Figure 3.7 (IN.B.: an optical filter was placed before the power meter in
order to remove the unconverted blue light from the optical sources). Here we plot
forward optical power emitted by the colour-converter against the drive current
of the excitation source. From the gathered data, it is apparent the main factor
impairing the efficiency drop is due to the higher optical power densities on the
sample when using a laser diode, resulting on irreversible structural damage of
the polymer matrix. Such behaviour is more apparent at high weight ratios where

there is an optical power droop.
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Figure 3.6 — L-I curves for the green colloidal quantum dots, at different weight ratios,
pumped with a) a micro-LED and b) a commercial Iaser diode.
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Figure 3.7 - L-I curves for the red colloidal quantum dots, at different weight ratios,
pumped with a) a micro-LED and b) a commercial Iaser diode.

In summary, green CQD’s show PLQY’s ~60% and red CQD’s ~15% for
weight ratios in PMMA of a few %. When measured under the forward emission
condition we see reduced efficiencies of ~5-9% and ~1% respectively, when excited
by both a uLED and a GaN LD. This corresponds to maximum colour-converted
output powers of ~0.7mW for green and ~0.1mW for red when pumped with the
LD. However, damage is observed under these LD pumping conditions.

The optical spectra from the 1, 5 and 10% samples were also measured and
are shown in Figure 3.8. As can be observed, there is a red shift in the emission
with increasing weight ratio. The spectra were all recorded under the same
conditions excited by a pLED with a driving current of 50 mA. The spectral shifts
between 1% and 10% are 16 nm and 13 nm for the green and red QDs,

respectively. With the weight ratio increase there is a higher density of quantum
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dots in the host matrix permitting energy transfer between slightly smaller
(higher energy) to bigger (lower energy) CQDs. Depending in the mean separation
between dots the process can be based on radiative or non-radiative energy
transfer. For separations smaller than ~10 nm, non-radiative energy transfer,
described as Forster/fluorescence resonance energy transfer (FRET), can
dominate [8]. However, for higher separations, the energy transfer happens
through a radiative decay in which an emitted photon from the CQD is absorbed
by another CQD in the ground state. This process is known as the ‘imprisonment

of resonant radiation’ IRR) [9].
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Figure 3.8 — Optical spectra from the a) green and b) red CQDs at different weight
ratios, all recorded under the same excitation conditions.

Absorbance measurements versus wavelength of excitation were also
performed on the QD samples to determine the range of wavelengths absorbed.
An Ocean Optics HL-2000 white light source with emission across the visible
spectrum was used. Two aspheric lenses focussed the white light onto the sample
and another two aspheric lenses were used to couple the sample’s emission onto
the collection optical fibre of the spectrometer. The reference spectrum from the
white light source was measured using the setup depicted in Figure 2.1.

The samples’ transmissivities were calculated considering the light
transmitted from the samples, ®;, when pumped with this white light. To acquire
the reference spectrum, a PMMA matrix without quantum dots, but with the
same thickness, was placed in between the white light source and the

spectrometer, ®,.. The transmissivity was then determined using expression (3.1):
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0]
Transmissivity = CPT; (3.1

By definition the absorbance can be determined as the negative logarithm

of the transmissivity, expression (3.2):
Absorbance = —logqo(Transmissivity) (3.2)

Figure 3.9 presents the respective absorbance spectra for the green and red
quantum dots for the 1% weight ratio. The PL spectrum of each sample is

presented alongside, for reference.
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Figure 3.9 — Absorbance curve and PL spectrum of the w.r. = 1% sample of the 540 nm
CQDs in PMMA. b) Absorbance curve and PL spectrum of the w.r. = 1% sample of the
630 nm CQDs in PMMA.

The first absorption peak occurs at 522 nm, corresponding to |Se | Sw>
transition (Fig. 1.20), and the Stokes shift is 26 nm for the green CQDs. The red
CQDs, present the first absorption peak at 615 nm and the Stokes shift is 23 nm.
Generally, a high Stokes shift is desirable for photonics applications in order to
minimize re-absorption effects in the colour-converters materials.

Both types of quantum dots present high absorption at lower wavelength
with the first absorption peak occurring at 615 nm and 520 nm for the red and

green CQDs, respectively. The small indent in the PL curve from Figure 3.9
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results from the cut-off filter wavelength used in order to block the unconverted

light from the optical pump.

3.4 Dynamic characteristic (Quantum Dots)

The modulation properties of the optical sources and the colloidal quantum
dots are important for VLC applications and represent the main focus of this
study. This section looks into the dynamic characteristics of down-converter
samples and presents the bandwidths and maximum achieved modulation speeds
and what this implies for visible light communications. The data presented will

be from the red and the green CQDs at 1%, 5% and 10% weight ratio, respectively.

3.4.1 Bandwidth and Lifetimes

For the determination of bandwidths and lifetimes, the set-up used was as
presented in Figure 2.1. In order to compare the results between samples, the
same driving and pumping conditions were used for all the tests. The acquired
data, after removing the uLED’s intrinsic response, was fitted using the method
presented in Chapter 2.

Figure 3.10 presents the intrinsic bandwidths for the green and red CQDs
at different (WULED) driving currents and the combined response of the optical
source and down-converters. It is important to determine the overall response of
the system since in a real telecommunication configuration both components have
to work in a tandem configuration, being limited by the slowest of the components.
As depicted below, in this case, the response is limited by the quantum dots. The
optical source has bandwidths up to 140 MHz whilst the CQDs maximum
bandwidths are 24 MHz.
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CQDs Frequency Response
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Figure 3.10 — a) Intrinsic and b) hybrid response at different currents for the green
and red colloidal quantum dots at 1%, 5% and 10% (weight ratios), respectively. The
right hand axis represents the bandwidth of the excitation source.

The samples that present higher bandwidths were the ones with a weight
ratio of 1% and the red samples were faster than the green ones. In order to
confirm the previous data, the luminescence lifetimes for each of them were
measured. This was performed using TCSPC equipment (Chapter 2 — subchapter
2.1). The system response and sample measurements thus taken are presented in
Figure 3.11. During the system response measurement, a sample consisting only
of PMMA was used. From Figure 3.11, one can see that there is a fast and slower

decay so, the overall response was fitted with a double exponential decay function.
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y() = yo + ase” " + a,e”t" (3.3)

where yo is the value when yo = y(0) and a; and az the weight of each exponential

component in the double exponential function.
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Figure 3.11 — Lifetime measurements taken using TCSPC for the different
CQDs samples. Emission and w.r. of a) 540 nm at 1%, b) 540 nm at 10%, c) 630 nm at
1%, d) 630 nm at 10% and e) system response.
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A table with all the fitting parameters is presented below (Table 3.4). The

average lifetime was determined using the following expression,

_ a1t12 + aztg

(3.4)

Cagt; + at,
where ai, az are the weight of each exponential component in the double
exponential function and ¢, ¢tz are the fitted lifetimes.

Table 3.4 — Double exponential decay fitting parameters, with the mean lifetime and
bandwidth theoretical calculations.

f
(MHz)
540nm 1% 0.10 3.7e-9 6.4e-2 2.0e-8 1.6e-08 16.95
540nm 10% 0.24 3.4e-8 7.6e-1 1.1e-8 2.2e-08 12.30
630nm 1% 0.13 3.9e-9 3.5e-2 1.6e-8 1.0e-08  26.92
630nm 10% 0.12 7.2e-9 4.3e-2 2.7e-8 1.5e-08 17.84

CQDs ai 71 (s) az 72 (s) T (s)

From the obtained mean lifetimes, the maximum bandwidths from the
tested samples can be predicted. Considering Figure 3.10a and the theoretical
bandwidths, determined through the mean average lifetimes using expression 3.4
and presented in the previous table, one can verify the values are within the same
range, confirming the maximum modulation bandwidths that can be used for data
transmission. As shown, an increase of concentration leads to an increase of

overall lifetime resulting in a reduction of bandwidth.

3.4.2 Advanced modulation formats

After emission characterisation and bandwidth determination, free-space
high-level encoding data transmission was studied. In order to determine the best
performing modulation scheme for kind of configuration, three different
modulations were analysed, namely 2-PAM, 4-PAM and OFDM. As described in
Chapter 1, in pulse-amplitude modulation (PAM) schemes the signal is encoded
in amplitude, so in the first case there are only two encoding levels (most

commonly known as OOK, ON-OFF Keying) whilst in 4-PAM there are four. The
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detected signal is then demodulated accordingly with the acquired amplitude. In
the case of OFDM (orthogonal frequency-division multiplexing), the available
frequency range is divided into orthogonal subcarriers as explained in Chapter 1.

All the modulation schemes used were pre-loaded onto the Agilent 81180A
Arbitrary Waveform Generator (AWG) using a Matlab® script. For each one of the
pixels the driving bias and clipping conditions were optimised in order to obtain
the maximum transmission data rate. When using OFDM to transmit data, the
bit stream created in Matlab® script was encoded and then converted to the
frequency domain using an inverse fast Fourier transform (IFFT). This signal was
then clipped to avoid nonlinear distortion caused by the transmitter and receiver
components. Afterwards, it was converted into an analogue-signal by an AWG.
The signal was then optically transmitted and acquired by the APD. Comparing
the transmitted and received signal it is then possible to determine the
Bit-Error-Rate (BER) for each of the devices. The Forward-Error-Correction
(FEC) limit considered for this measurement is 3.8x1073. It defines the maximum
number of error that can occur within a ‘message’, and the ability to correct them,
without the need to retransmit the same ‘message’. This technique is usually
employed in systems were retransmission of signal are impossible or very
expensive. The acquired data rates for these samples are presented in Figure 3.12.

The best data rates for each sample in the different modulation formats is
summarised in Table 3.5. As depicted, the best performing data rate for all the

samples is 2-PAM, known more conventionally as OOK.

Table 3.5 — Maximum data rate in Mbit/s for red and green CQDs at 1% and 10% w.r..

Green CQD Green CQD Red CQD
Red CQD (1%)
(1%) (10%) (10%)
2-PAM 400 255 500 415
4-PAM 330 220 475 325

OFDM 255 185 345 255
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Figure 3.12 — BER vs data rate for the different samples. a, b) red quantum dots at 1%
and 10%, ¢, d) green quantum dots at 1% and 10%, respectively.

From the above, we can see that the down-converter CQDs show higher
bandwidths and faster data rates than the standard phosphor approach which is
limited to responses of a few MHz. Furthermore, since the photoluminescence
emission can be tuned by CQD size selection to the wavelengths desired they offer
new approaches to Wavelength-Division Multiplexing (WDM) systems in which
each wavelength can be used to transmit data. Besides, the combination of several
wavelengths in the visible spectrum can offer a further degree of control over the

characteristics of the resulting light.

3.5 CW characteristics (BBEHP-PPV)

Following the same principles described in subchapter 3.1 for the quantum

dots, and with the same set-up and optical sources, the absorption and relative
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efficiencies were also measured for polymer BBEHP-PPV. As a reminder, the
optical characteristics of this polymer are shown in Figurel.19.

As described earlier, the samples can be fabricated using a PDMS mould
and by drop- or spin- coating the colour-converter onto a desired substrate. The
first BBEHP-PPV samples were spin-coated onto a glass slide at different
revolutions-per-minute (rpm) with the same concentration and spinning time.
The first sample was spin-coated at 1000 rpm, the second at 2000 rpm and the
third at 3000 rpm. At this stage the polymer was just mixed with chloroform in
order to achieve a desired concentration of 20 mg/mL. The optical power,
absorption and relative (optical-to-optical) forward efficiencies were determined
using the same steps as described for the quantum dots. The calculated

absorptions and relative efficiencies are summarised in Table 3.6.

Table 3.6 — Absorption and relative efficiency for BBEHP-PPV samples with the same
concentration but spin-coated at different speeds.

Absorption (%)

Spin-coated BBEHP-PPV Relative Efficiency (%)
at 450 nm
1000 rpm 99.4 6.9
2000 rpm 73.0 8.5
3000 rpm 73.2 8.9

From the data, the sample with highest absorption is the one spin-coated at
lowest rpm. This behaviour is expected since the colour-converter film is thicker.
However, above 2000 rpm the samples presented similar absorptions and relative
efficiencies.

The forward optical power from each sample was measured and is presented
in Figure 3.13. At maximum driving current of 100 mA a colour-converted optical
power of 0.22 mW was achieved for the sample made at lower rpm. However, the
optical power difference between the best performing sample and the one with
less photoluminescence signal is of 0.03mW which corresponds to a power drop of
around 14% that could be related with photodegradation. The main contributor to
this degradation is heat, which may affect the atomic and molecular bonds leading
to the formation of new inert molecules and oxidation. Here, oxygen atoms react

with the organic molecules, a process that can be accelerated by exposure to light.
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Figure 3.13 — Forward optical power for the BBEHP-PPV samples spin-coated on
glass at different rpm.

Apart from the optical characterisation, photostability tests were also
carried out in order to analyse the behaviour of BBEHP-PPV in this configuration
when pumped continuously. This test is very important since for visible light
communications and lighting solutions the down-converters need to retain the
same efficiency during the operation time and the life-span of the product. To test
this, a uLED was used as excitation source and its optical power measured during
the experiment in order to track any power fluctuation from the down-converter
data. The test lasted 35 min and the power was measured every second. The
obtained response is depicted in Figure 3.14. There is a substantial power drop in
the initial seconds after the sample starts to be pumped due to photodegradation,
however this process is followed by a slight increase of power resulting from a
possible annealing altering the material structure.

In order to facilitate the integration and reduce the quenching of
BBEHP-PPV a PDMS matrix was used as explained at the beginning of the
chapter and depicted in Figure 3.3. Using the procedure explained above and the
same optical source and setup, an absorption of 100% was found with a respective
relative efficiency of 5£2%. Similarly, the photodegradation was studied using the
same optical source but during longer times, see Figure 3.15. At this stage, only a
monotonic decay is visible. A possible explanation for this difference could come

from the fact that a polymeric matrix is used and is acting as a thermal spreading



Chapter 3 — CQD and BBEHP-PPYV colour-converters 3-22

layer protecting the organic molecules from the heat of the optical excitation. At
this time of writing, these issues prevented a full examination of BBEHP-PPV for

visible light communications applications.
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Figure 3.14 — Spin-coated BBEHP-PPV photodegradation during 35min.
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Figure 3.15 — Photodegradation of BBEHP-PPV in PDMS.
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3.6 Summary

The present chapter started by describing the preparation of the red and
green CQDs and BBEHP-PPV colour-converters. It was found that the best
polymer matrix to fabricate samples was PMMA for CQDs and PDMS for
BBHEP-PPV, respectively. In order to achieve the best colour-converter/polymer
matrix ratio, several samples were fabricated.

Subchapter 3.2 started by presenting the CW characteristics of red and
green CQDs at w.r. of 1%, 5% and 10%. It was found that the maximum absorption
was around 99% with the maximum relative efficiency around 9% and 7% for the
green samples when pumped with a uLED and a laser diode, respectively. In the
case of red CQDs, and using the same optical sources, a maximum absorption of
98% was found when using a puLED and 99% when using a laser diode with the
maximum relative efficiency around 1.3% and 1.2%, respectively. In addition to
the absorption and relative efficiencies, the PLQY for the different colour CQDs
and the L-I curves were measured. We conclude that the green CQDs present the
highest PLQY, around 60%, with a maximum output power of 0.7 mW and 7 mW
when pumped respectively with a uLED and a laser diode. The influence of the
weight ratio on the spectral shift was studied as well. To do this, three samples
with different weight ratios were optically excited under the same power density
and a red shift was found with increasing weight ratio of 16 nm and 13 nm for the
green and red CQDs, respectively. Finally, from the absorption and PL spectra
the Stokes shift was determined, being 26 nm and 23 nm for the green and red
samples, respectively.

In the following subchapter the dynamic characteristics of the CQDs
including the bandwidths, the carrier lifetimes and the maximum achieved data
transmission using advanced modulation formats were presented. It was found
that the red CQDs present higher bandwidths, around 24 MHz, than the green
ones, which have bandwidths reaching a maximum of 13 MHz. As explained, the
carrier lifetime and the bandwidths are intrinsically related, so a TCSPC
measurement was performed in order to correlate both intrinsic properties. It was

found that the obtained data points are within the same range. After determining
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the bandwidths, the data rate for different modulation schemes was measured

and a maximum data rate of 500 Mbit/s for OOK, was found.

A similar CW characteristic study was performed for the BBEHP-PPV
colour-converter. In this case, the maximum absorption found was 99.4% with a
relative efficiency of 7%. The bandwidth and data transmission rates were not
possible to measure at the time of this thesis writing due to photodegradation
issues. This degradation effect is mainly due to heat and photo-oxidation. A
deficient heat dissipation will break the main chain of molecules in the organic
material giving origin to small inert molecules inducing irreversible damage. In
the case of photo-oxidation, molecular oxygen groups are formed through the
association of oxygen atoms to the main molecules, process that is accelerated by
the exposure to UV radiation. A possible mechanism to increase the photostability
of such samples could include the encapsulation in a material that could promote
the heat dissipation while isolating the molecules from the surrounding

environment.

Due to the inability to extend the BBEHP-PPV photostability during this
work, CQDs present an interesting alternative to the standard phosphors for
Visible Light Communications. They present bandwidths an order of magnitude
higher than the current solution allowing the increase of telecommunication data
rates even further. Besides, as demonstrated here they can be incorporated in a
polymer matrix which can act as barrier to the surrounding medium with the
advantage of easier integration in solid state lighting. However, more works needs

to be done in order to increase the CQDs efficiency.
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Chapter 4

Epitaxial semiconductor colour-

converters

As shown in the previous chapter, colloidal quantum dots and polymers such
as BBEHP-PPV are potential candidates as InGaN solid-state down-converters
for visible light communications (VLC), but they require advanced encapsulation
schemes for long-term environmental stability [1]. In this chapter an alternative
approach based on inorganic multi-quantum well MQW) semiconductor epi-layer
membranes as photo-pumped colour-converters will be introduced. This
technology benefits from being based on all-inorganic semiconductors and
therefore promises to be robust [2], [3]. It also leads to extremely compact sources,
as the membrane can be integrated onto the source monolithically by techniques
such as liquid capillary bonding. There are several options for wavelength
coverage across the visible spectrum with available semiconductor alloys for
MQW membranes including III-V AlGaInP (yellow to red) and InGaN (green)
materials and II-VI CdMgZnSe (green to orange) materials [2], [4]. The hybrid
LED demonstrators presented here are obtained by capillary-bonding a
540nm- emitting II-VI CdMgZnSe membrane and a 630nm-emitting III-V GalnP
MQW membrane, respectively, onto the sapphire side of an array of 450nm InGaN
micro-size LEDs (uLEDs). This offers the advantage of the high modulation
bandwidths associated with these small-sized LEDs as demonstrated in Chapter
2 [5]. We chose II-VI and III-V materials for converters in this initial study
because (i) they are readily wet etched to form epitaxial membranes, (ii) they can
be designed to offer coverage of the visible spectrum promising white-light
generation, and (ii1) they permit an alternative approach to green and red

emission at high-modulation-bandwidth, useful for e.g. introducing coarse
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wavelength division multiplexing (blue and green) into optical wireless and
polymer optical fibre communications.

The present chapter is organised as follows. The hybrid devices fabrication
and characterisation results for the II-VI nanomembrane are presented in section
4.1 followed by the III-VI membrane in section 4.2. Each section will present the

CW and dynamic characteristics of the devices.

4.1 II-VI nanomembranes

The 450nm-wavelength pLED device used to pump the MQW membrane
was fabricated using a commercial p-irn GaN LED structure grown on c-plane
sapphire, following the procedure reported in [6] and in Chapter 2. Here, the
fabricated chip comprises several 100 pm x 100 um square pixels spaced 450 pm

apart, see Figure 4.1a.
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Figure 4.1 — a) Plan view optical micrograph of the hybrid device. The uLED
pixels are the smaller elements as labelled, some of which are underneath the bonded
II-VI membrane. Between the membrane and the underlying LEDs is the sapphire
substrate, b) hybrid device schematic, ¢) II-VI MQW structural design and d) II-VI
membrane when pumped by a blue LED.
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The II-VI structure was grown by Dr. Joel De Jesus and Dr. Thor Garcia
from the City College of New York. The growth was realised using molecular beam
epitaxy on an InP substrate with an InGaAs buffer layer. It consists (see Table
1.1) of 9 Zno.4sCdo.528e quantum wells with (ZnosCdo.5)0.6sMgo.32Se barriers and was
designed to absorb the pump light in the barriers, see also Figure 4.1c. The
quantum wells emit at 540 nm in a resonant periodic gain configuration for
potential alternative use as a laser gain medium [7]. The InP substrate was
removed by a combination of mechanical polishing and wet etch processing using
a solution of HCI:H3sPO4 at a ratio of 3:1, followed by the removal of the InGaAs
layer with a solution of H3PO4:H202:H20, at a ratio of 1:1:6 for maximum etch
selectivity with the II-VI material [8]. The epi-side was fixed onto a temporary
glass substrate for this step, using a wax, for mechanical support during
processing. After substrate removal, the II-VI layer was transferred from the
glass and liquid-capillary-bonded onto the sapphire window of the LEDs,
hereinafter referred to as integrated MQW. The liquid capillary bonding
technique uses the van der Waals’ force to bond two smooth surfaces together. To
do this, solvents or, in this particular case deionized (DI) water, can be used [9].
The resulting MQW membranes had a thickness of less than 2.5 um and a surface

area of a few mm? (see Figure 4.1a).

4.1.1 CW characteristics

Before dynamically characterising the integrated MQW, L-I-V curves and
spectral responses from the bare and hybrid pixels were measured. For an
in-depth analysis of the optoelectronic characteristics of the optical source used
here, please refer to Chapter 2 section 2.2.

The normalised spectral measurements for the bare pLED, the hybrid
configuration and the integrated MQW membrane (i.e. the contribution of the
converted light at 540 nm) are presented in Figure 4.2. As depicted, the bare
uLED has emission centred at 445 nm and for the pumped configuration two main
peaks, one centred at 475 nm and a secondary one at 540 nm are observed. The

emission at 540 nm comes from the light emitted by the II-VI MQW membrane.
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Figure 4.2 — Emission spectra from bare and hybrid pixels, together with the II-VI
band-edge normalized absorption.

After the spectral response study, the absorption of the down-converter was

measured. The II-VI membrane was designed to absorb 97% to 98% of 450 nm

monochromatic light. Because of the linewidth of the bare pLED spectrum (23 nm
FWHM) the effective pLED light absorption is 85% + 1%. The band-edge of the

membrane is at around 460 nm and therefore the long-wavelength tail of the

uLED emission is not fully absorbed, explaining the ‘apparent’ 475nm peak in the

spectrum of the integrated MQW membrane, see Figure 4.2.
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Figure 4.3 — CW optical powers of the bare, hybrid unfiltered uLED and
integrated MQW membrane.
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The power transfer functions (optical power versus bias current) for the bare
uLED, hybrid pLEDs and integrated MQW membrane is shown in Figure 4.3. At
100mA dec, which was found to be the maximum current before thermal rollover,
the measured optical powers from the bare uLED and the integrated MQW
membrane (i.e. the colour-converted light contribution) were 4 mW and 37 pW,
respectively. The MQW presented a linear conversion efficiency — defined as the
ratio between 540nm over incident 450nm power — at different excitation levels
of around 1% =+ 0.1%. The total forward power of the hybrid pLED was 0.58 mW.
The membrane structure used in this device was not primarily designed for
colour-conversion, but rather as a VECSEL (Vertical External Cavity Surface
Emitting Laser), and the high refractive index contrast between the membrane
material and air (3.4:1) results in a significant amount of waveguided light, which
is then lost through reabsorption and edge emission. Improved epi-layer design of
the membrane and implementation of appropriate light extraction schemes would

improve this value significantly.

4.1.2 Dynamic characteristics

The modulation properties of hybrid uLEDs are important for VLC
applications and represent the main focus of this study. This section looks into
the dynamic characteristics of the down-converter membranes and hybrid device
configuration presenting the bandwidths and maximum achieved modulation

speeds when applied in visible light communications.

4.1.2.1 Bandwidth

Following the same characterisation principles described in Chapter 2, to
dynamically characterise the down-converter membranes and the hybrid device a
Bias-Tee was used to combine a dc-signal (power supply) with an RF signal
(network analyser). As previously explained, the network analyser was used to
apply and record the RF signal and the respective response.

The -3dB optical bandwidth values were obtained through an interpolation

of the bi-exponential fit determined by expression 2.11. To do so, a Matlab®
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built-in function, fminsearch, along with the least squares method were used, see
expression 2.13. The goodness of the fit, GoF, was determined through a function,
goodnessOfFit, which uses the normalised mean square error method. The GoF'is
a statistical analysis that characterises how well the fit describes the measured
data, i.e. it is a parameter often used to describe the discrepancy between a model
and the obtained results. Here, GoF=I represents a perfect fit while GoF<I
indicates a discrepancy between the data and the fit.

The intrinsic bandwidth values for the II-VI platelet were obtained for each
bias current by fitting the data considering a possible multi-exponential decay of
the luminescence. The frequency responses of the bare pLED and integrated
MQW membrane when driven at 80mA bias current and their corresponding

fitting curves are depicted in Figure 4.4.
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Figure 4.4 — Frequency responses for 80 mA bias current of the bare and hybrid
uLED, as well as the intrinsic response of the colour-converting membrane (integrated
MQW membrane), with the respective bi-exponential fits.

The data for the intrinsic response of the colour-converting membrane is
obtained by removing the frequency response contribution of the bare pLED from
the overall response of the hybrid device [1]. This is also plotted in Figure 4.4
along with its fit. This response is accounted for by a mono-exponential decay of
the MQW membrane photoluminescence and its bandwidth is determined by the

bandwidth-lifetime relation described by expression 2.7 in Chapter 2.
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Figure 4.5 — The -3dB optical bandwidths of the bare uLED and of the hybrid uLEDs.
The intrinsic bandwidth values of the membrane (integrated MQW membrane) are
also plotted.

Figure 4.5 plots the optical bandwidth values versus the InGaN LED bias
current for the bare and hybrid pLED as well as the intrinsic modulation
bandwidth of the membrane. The data is also summarized in Table 4.1 along with

the respective goodness of fit (GoF) values.

Table 4.1 — Table with bandwidth values, f., for the II-VI membrane (integrated
MQW membrane — a long pass filter was used to remove the blue light), the bare
uLED and the hybrid device, the goodness of fit, GoF and the lifetime, Ti.

Intrinsic II-VI Hybrid
Bare uLED
membrane response* uwLED
1 feo feo feo
GoF 7 (ns)  GoF GoF
(mA) (MHz) (MHz) (MHz)

5 23+2  0.991 78+15 3.5+1.4 0.947 161 0.997
10 29+2  0.988 126+2 2.2+0.1 0.958 23+£2 0.995
20 372  0.987 191+31 1.4+0.5 0.875 32+5 0.993
40 58+2 0.983 150+17 1.8+0.4 0.922 38+2 0.993
60 58t4 0.963 133+8 2.1+0.3 0.934 41+3 0.995
80 69+6 0.986 139+12 2.0+0.4 0.947 47+3 0.996
100 79+6 0.990 145+25 1.9+0.7 0.837 51+2 0.995

*Frequency response obtained through the bare and hybrid LED
measurements.
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The uLED bandwidth is current dependent and reaches 79 MHz at 100 mA.
This current dependency can be attributed to the reduced carrier lifetime in the
InGaN pLED active region as the current, and hence the carrier density, increases
[10], [11]. The typical intrinsic response of the membrane is 145 MHz, much faster
than conventional phosphors. The hybrid uLED behaviour is the combination of
the frequency responses of the colour-converting membrane and the underlying
uLED. The result is a modulation bandwidth of 51 MHz limited by the slower of
the two components, i.e. the uLED response in this case. Higher modulation
bandwidths can be expected by using blue uLEDs of even smaller dimensions [12].

The dependence of the colour-converter bandwidth on the incident pLED
pump power density was further studied. Since the pLED is in a flip-chip
configuration, i.e. the emission occurs through the sapphire substrate, the
excitation area at the membrane/sapphire interface is determined by the
divergence of the uLED light and the propagation length through the sapphire.
Due to the small LED size, the excitation spot incident on the membrane can in
good approximation be assumed to be circular with diameter equal to the
substrate thickness, i.e. 330 +/- 20 um [13]. The intrinsic bandwidth data of the
membrane as previously determined is then plotted again in Figure 4.6 as a
function of the incident excitation power density (integrated membrane’). For
pump power density between 1 and 1.75 W/cm?2, the average intrinsic bandwidth
is 145 MHz.

In order to observe in more detail the bandwidth behaviour of the MQW
membrane at excitation power density below 1 W/cm2, it was independently
characterised, 1.e. when separated from the uLED, as a stand-alone membrane.
In this case the membrane was held onto a glass substrate and remotely pumped
with a 450nm pLED using the set-up depicted in Figure 3.1. The results are

plotted in Figure 4.6 (black squares, ‘stand-alone membrane’).
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Figure 4.6 — Bandwidth dependence over different power densities.

The vertical error bars in Figure 4.6 represent the root mean square errors
of the fits of the frequency responses. Overall, the presented bandwidth values
are within the error bars of the surrounding points so there is no significant power
density dependence of the membrane intrinsic bandwidth over a 10x range of
power density. The average bandwidth over the range of 450nm light power
density corresponding to the operation of the integrated MQW membrane is
around 145 MHz. This corresponds to an effective carrier lifetime of 1.9 ns. This
value can be corroborated by a direct time-correlated single photon counting,
TCSPC, measurement of the stand-alone membrane. Such TCSPC analysis was
done using an Edinburgh Instruments system using an EPL-450 Picosecond
pulsed diode laser as the excitation source (450 nm). Differences in the TCSPC
lifetime measurement were seen between membranes processed from the same
epi-layer structure, however the average measured lifetime from a number of such
membranes was found to be 1.4 = 0.2 ns, showing reasonable consistency with the
frequency response data.

The photoluminescence and the optical bandwidth of the MQW membrane,
which is two-orders of magnitude higher than for phosphors, means that
high-speed colour-conversion can be realized for a range of light levels that

correspond to uLLED operation.
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4.2 III-V nanomembranes

As stated at the beginning of the chapter, as well as II-VI nanomembranes,
III-V alloyed structures were also designed as down-converters for InGaN LEDs.

Here, a pLED with peak emission at 450 nm was used to optically excite the
III-V MQW membrane. It was fabricated using a commercial p-i-n GaN structure
grown on c-plane sapphire, following the procedure reported in [6] and in Chapter
2. The chip is made of 8 pixels of 4 different sizes, 50 x 50 um?2, 75 x 75 pm?,
100 x 100 um? and 150 x 150 um?2. After fabrication, the chip was mounted onto a
printed circuit board and wire bonded to metal tracks connected to SMA
connectors, in such a way that each pixel from the pLEDs could be individually
addressed.

A second approach using an off-the-shelf OSRAM laser diode (PL450B) with
peak emission at 450 nm to pump the III-V MQW bonded to a sapphire
hemispherical lens was also studied. In this configuration, and in order to control
heating, a metallic mount was built. Using a Peltier heatsink and a thermistor,
which i1s a temperature sensitive resistor along with the metallic mount, the laser
diode temperature was kept constant at 25°C.

The III-V MQW membrane structure (Table 1.2) was grown by molecular
beam epitaxy on a GaAs substrate. The growth was performed by Dr. Andrey
Krysa from the University of Sheffield. It consists of six Gao.sInosP quantum wells
with (Alo.6Gao.4)o.51In0.49P barriers and was designed to absorb the pump emission
in the barriers. The quantum wells emit at 648 nm in a resonant periodic gain
configuration. The GaAs substrate was removed by a wet etch process using a
solution of H3PO4+:H202:H20 in a ratio of 3:4:3, which presents an etch rate of 6
um/min. The epitaxial film surface is fixed onto a temporary glass substrate at
this stage, by liquid capillary bonding, for mechanical support during processing.
After substrate removal, the III-V membrane can be transferred onto any desired
substrate. In order to reduce the waveguided modes, substrates with different
refractive indexes and shapes were studied, 1.e. glass, a half-ball sapphire lens
and a diamond lens.

For membranes on each substrate the forward optical power was measured

under different driving conditions using the 100 x 100 pm? pixel and is presented
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in Figure 4.7. The relative maximum absorption — surface reflections were not
considered here — and conversion efficiencies for each substrate are summarised

in Table 4.2.

Table 4.2 — Relative absorption and relative conversion efficiency for the III-V
samples on different substrates.

III-V in III-V in
between between III-V on III-V on
II1-V on flat
diamond sapphire diamond sapphire
glass
lens and lens and lens lens
mirror mirror
Absorption
79.8 76.2 78.5 81.2 67.2
(%)
Conversion
efficiency 1.3 1.3 0.4 0.8 0.6
(%)

In a further development an off-the-shelf dichroic mirror designed to reflect
the down-converted light was bonded onto the free membrane surface in order to
increase the acquired light. This resulted in doubling of detected light power for
the sapphire sample and a four-fold increase in the case of the diamond one. The
placement of the mirror did not change the relative absorption of the
colour-converter.

For comparison, the colour-converter relative absorption and relative
efficiency were measured while it was capillary bonded to a cover glass. A lower
conversion efficiency was found, however the discrepancy between the results
obtained with the different bonding substrates is attributable to their different
shape, size and refractive index. The sapphire half-ball lens has a diameter of 5
mm with a radius of curvature of 2.5 mm whilst the diamond lenses a diameter of
4 mm with radius of curvature of 8 mm. Besides, as indicated previously, to obtain
a realistic value for the efficiency one should use an integrating sphere.

After the initial characterisation, an AlInGaP platelet was transferred from
the carrier substrate on which it was processed and capillary-bonded onto the
sapphire window of the pLED, completing the hybrid device [9]. The resulting
MQW membranes had a thickness of less than 400 nm with a typical surface area

of a few mm?2 For heat management purposes, and in order to increase the
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extraction efficiency based on the results presented in Figure 4.7, a sapphire
half-ball lens was capillary-bonded on top of the down-converter membrane.

Images of the hybrid device and membrane on a half-ball lens are shown in Figure

4.8.
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Figure 4.7 — Received output power from AlInGaP platelets on several respective
substrates, measured as a function of GaN 100 x 100 um? uLED drive current.

Figure 4.8 — AlInGaP platelet a) capillary bonded onto the sapphire side of a uLED
chip, b) sandwiched in-between the sapphire half-ball lens and uLED windows, c)
capillary bonded onto a sapphire half-ball lens, d) hybrid LED with integrated
sapphire lens under operation and e) colour-converter light imaged on a screen.
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4.2.1 CW characteristics

Prior to capillary bonding the platelets onto the sapphire windows of the
uLEDs, each pLED pixel was optically characterised and the frequency response
determined. Initially, all the pixels were driven at current of up to 200 mA. The
respective optical and spectral responses of these bare pLEDs are plotted in
Figure 2.11c. The AlInGaP platelet was then capillary bonded and characterised
under the same conditions as the pixels. At this point, and considering the pixels’
L-I-V curves, the smaller pixels, 50 um x 50 um and 75 pm x 75 um, were driven
up to 160 and 180 mA, which corresponds to the respective maximum bias current
before thermal rollover. The acquired L-I curves are presented below, see Figure
4.9a. In addition, the spectral response at each current was acquired in order to
determine the peak-emission shift due to thermal effects and band filling, see
Figure 4.9b. The normalised spectral measurements for the bare pLED, the
hybrid configuration and the integrated MQW membrane (i.e. the contribution of
the converted light at 640 nm) are presented in Figure 4.9c. As depicted, the bare
uLED has emission centred at 450 nm and the down-converter platelet at 640 nm.
The small feature at 550 nm corresponds to the optical wavelength filter cut-off.

From Figure 4.9a one can see there is an optical power rollover from the
colour-converter when individually addressed with each of the different size pLED
pixels. This efficiency decrease can be attributed to a reduction of the
colour-converter luminescence efficiency due to the temperature increase since
there is a heat transfer from the sapphire window of the pLED to the III-V
membrane. A continuous red-shift, going from 645 nm at 20 mA up to 658 nm at
200 mA was measured. The spectral emission of the AlInGaP colour-converter is
expected to red-shift by approximately 0.12 nm/°C as determined from modelling
based on the empirical Varshny relation [14]. Therefore, the temperature increase
of the nano-membrane can be inferred to be 100°C, which is not far off the
temperature rise of the sapphire surface as measured by thermal imaging
(~140°C). So, in order to try to extract some of the heat, a sapphire half-ball lens
was used, being 2 mm in diameter and with a refractive index of 1.77 and
sphericity of 0.64. The lens was liquid capillary bonded to the III-V platelet using

DI water. The resulting optical power and spectral shift were measured using the
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same conditions presented above. The characteristics curves for the devices after

lens bonding are presented in Figure 4.10.
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From Figure 4.10, the addition of the lens is shown to increase the current
density before rollover, improving the maximum output power by 63%, 92%, 98%
and 95% for the squared pixels with edge size of 150, 100, 75 and 50 pm?2,
respectively. A possible explanation for the lower enhancement on the biggest
pixel is probably because it sits on the edge of the lens. However, analysing the
spectral shift data before and after the lens bonding, the addition of the lens did
not significantly improve with the heat removal. Nevertheless, its application has
helped with the light extraction efficiency through the reduction of the refractive
index step between the colour-converter and free-space and the lensing effect
increasing the amount of the colour-converted light focused onto the
photoreceiver. In order to decrease the heat behaviour a larger lens may need to
be used.

The decrease in the colour-converter optical power with current is attributed
to a rise in temperature. However, other possible explanations could include a
dependence of non-radiative recombination with the MQW carrier density or a
saturation of the nanomembrane absorption. To rule out these possibilities, the
power density dependence of the converted light was further studied
independently of the temperature rise caused by the uLED, by remotely pumping
a nanomembrane bonded onto a 5mm diameter sapphire lens. For low pump
power density, a pLED was used, otherwise a laser diode (OSRAM GaN LD) was
utilised. The power density from each excitation source was calculated using a
Coherent Beam Master power meter. Results plotted in Figure 4.11 demonstrate
that there is no saturation of the absorption and no noticeable increase in
non-radiative recombination. The optical power from the colour-converter
increases linearly with the pump power density in the range from O up to 4
kW/cm?2. The left side of the broken x-axis shows data taken under LED pumping,
whereas on the right side the data for laser diode pumping.

The converted power efficiency, i.e. the blue light that was effectively
converted to red and was not internally reflected by the semiconductor was, for
this configuration 0.88 + 0.16%. To improve the extraction efficiency, a dichroic
mirror designed to allow the excitation light from the pump to pass through but
reflect the colour-converter light in the detector direction was placed in order to

sandwich the membrane between it and the lens. This improved the overall best
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colour-conversion performance up to 1.14 + 0.26% for an output power of 1.2 mW

under LD pumping, see Figure 4.12.
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Figure 4.11 — Power density vs optical power for the III-V platelet samples bonded to
sapphire lenses and pumped with a laser diode (PL450B) and a uLED.
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laser diode drive current.
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4.2.2 Dynamic characteristics

The dynamic characteristics of any LED device or related colour-converter
such as the frequency response and data rates using high level encoding schemes
are important for Visible Light Communications, as previously discussed. In this
section, the frequency response of the AlInGaP platelets bonded onto the pLEDs
and onto the sapphire lens are presented. Subsequently, PAM and OFDM data

encoding scheme test results are presented for the hybrid configuration.

4.2.2.1 Bandwidth

The optical frequency responses of the GaN pLEDs and integrated MQW
membranes were measured at different levels of bias current. The -3dB optical
bandwidth values (the frequency at which the optical power is half the dc value,
f.0) were calculated by fitting the data, assuming an exponential decay of the
luminescence. This was done following the same principle and using the same
subchapter for the II-VI
the III-V

methodology as described previously in the

nanomembranes. Below are presented the bandwidths for

colour-converter and the hybrid device. The frequency response of the bare GaN

uLEDs pixels are presented in Chapter 2, Figure 2.14c.
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Figure 4.13 — Bandwidths for, a) the stand-alone III-V nanomembrane and c) the
hybrid uLEDs (platelet integrated). The currents shown are those of the respective
GaN uLED used for pumping.

The bandwidth is size and current dependent reaching a maximum of

160 MHz at around 150 mA for the hybrid red device. Similar bandwidths were
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found for the stand-alone nLEDs at the same driving current. Such similarity
results from the fact that the hybrid response behaviour is the combination of the
frequency responses of the colour-converting membrane and the underlying
uLED. The result is a modulation bandwidth limited by the slower of the two
components, 1.e. the pLED response in this case. Apart from this, bandwidth
current dependency of the puLEDs can be attributed to the reduced carrier lifetime
in the active region as the current, and hence the carrier density, increases[12].

The intrinsic response of the nanomembrane is between 130 MHz and 320
MHz, which is at least two order of magnitude faster than conventional phosphors
[10], [11]. The increase in the bandwidth with the current is linked to the increase
of non-radiative recombination as the temperature of the device, and hence the
nanomembrane, increases.

The frequency response of the laser diode was measured as well but, in this
case, it was noticeable the system was limited by the photodiode bandwidth which
is around 1.4GHz. Regardless, the nanomebrane bonded onto the sapphire lens
bandwidth was measured for the laser diode excitation case and is shown in

Figure 4.14.
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Figure 4.14 — Bandwidths under laser diode excitation of the III-V platelet
bonded onto a sapphire and diamond lens and sandwiched between one of those lenses
and a dichroic mirror.

As obtained previously by the uLEDs there is an increase of bandwidth with

increased current injection when using a laser diode reaching a maximum
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bandwidth of 130 MHz at 160 mA. There is a difference between the maximum
achievable bandwidths in both configurations, ~300 MHz for the hybrid device
and 130 MHz for the laser diode-pumped nanomembrane. This behaviour results
from higher non-radiative recombination caused by heating when the
nanomembrane is integrated onto the uLED array, which is nowhere near as

severe when the nanomembrane is being remotely-pumped by the laser diode.

4.2.2.2 Advanced data modulation formats

Measurements of free-space optical data transmission were carried out
using the above devices. The optical set-up and the required equipment are as
described in Chapter 3. In order to determine the best performing modulation
scheme for this device, four different data encoding schemes were studied. Three
of these were in PAM format, from two up to eight levels, and one was OFDM.
The optical and electrical conditions were kept the same between the different
modulation tests. All the modulation schemes were pre-loaded into the Agilent
81180A Arbitrary Waveform Generator (AWG) using a Matlab® script. For each
of the pixels the driving bias and clipping conditions were optimised in order to
obtain the maximum transmission data rate. When using OFDM to transmit
data, the bit stream created in the Matlab® script was encoded and then converted
to the frequency domain using an inverse fast Fourier transform (IFFT). This
signal was then clipped to avoid nonlinear distortion caused by the transmitter
and receiver components. Afterwards, it was converted into an analog-signal by
an AWG. The signal was then optically transmitted and acquired by the APD.
Comparing the transmitted and received signal it is then possible to determine
the Bit-Error-Rate (BER) for each of the devices. The Forward-Error-Correction
limit considered for these measurements is 3.8x1073. The measured data rates for
the hybrid device are presented in Figure 4.15. By comparing the data, it seems
the best performing scheme for this kind of devices is 4-PAM. However, for the
150 pm x 150 um hybrid device 4-PAM and OFDM provide very close data rates.
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Table 4.3 — Data rates for the different I1I-V platelet/pixel combinations in

MHz.
150 x 150
50 x 50 um?  75x 75 um? 100 x 100 pm?
pm?
2-PAM 775 760 735 560
4-PAM 870 860 805 615
8-PAM 720 740 680 495
OFDM 740 665 655 660
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Figure 4.15 — BER vs. data rate for the hybrid device a) using 50um x 50um
pixels, b) using 75um x 75um pixels, ¢) using 100 um x 100um pixels and d) using
150um x 150 um pixels.

From the above, the presented down-converter nanomenbrane shows much
higher bandwidths and faster data rates than the standard phosphor solution
which is limited to a few MHz of optical frequency response. The presented
approach could furthermore be used in a WDM systems in which each wavelength
can be used to transmit independent data thus expanding the system data

transmission capability even further.
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To infer the data transmission capability of the III-V platelet when pumped
by an InGaN laser diode the same optical and electrical system were used. By
adjusting the laser diode driving bias current and the swing for data modulation

it was possible to achieve 1.2GB/s error-free using OFDM, see Figure 4.16.
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Figure 4.16 — BER vs Data Rate for the I1I-V platelet pumped with a laser diode.

4.3 Summary

In this chapter two approaches for integration of inorganic colour-converters
based on II-VI and III-V semiconductors onto uLEDs were introduced.

The chapter started by describing the first colour-converter which was based
on II-VI CdMgZnSe, the preparation steps in order to process the samples for
testing and the tests performed in a continuous and a dynamic regime. It was
found the II-VI semiconductor used presents an absorption and relative
conversion efficiency of 85%+1% and 1%+0.1%, respectively. The total forward
power of the hybrid pLED was 0.58 mW. The modulation bandwidth of the 540nm
colour-converter emission was measured to be up to 51 MHz for an intrinsic
bandwidth of the MQW membrane and of the underlying uLED of 145 MHz and
79 MHz, respectively.
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The second part of the chapter presented an III-V AlInGaP semiconductor
used as a colour-converter. Here, several approaches to improve the extraction
efficiency of the colour-converter were analysed. The best performing one was
based on a sapphire lens and a dichroic mirror with the semiconductor
encapsulated between both. With this configuration was found an absorption and
relative efficiency of 79.8%+0.1% and 1.3%+0.03%, respectively. Apart from this,
after bonding the colour-converter onto the sapphire side of a flip-chip pLED a
reduction of external efficiency due to the heat transfer from the uLED onto the
nanomembrane was found. To reduce or suppress the heat issue a half-ball lens
was capillary-bonded onto the nanomembrane, however although an
improvement of colour converted light extraction efficiency was found analysis of
the nanomembrane spectral shift showed heat dissipation remained an issue.
Nevertheless, the maximum achieved data rate for this configuration was found
to be 870 Mb/s, providing a much faster response than typical phosphors, creating
the possibility of designing devices with similar properties for WDM systems.
Also, it was also demonstrated that it is possible to achieve 1.2Gb/s data rate using

a laser diode as optical source.
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Chapter 5

White light generation

This chapter will present a proof-of-concept of white light generation using
the down-converters and hybrid devices introduced earlier in the thesis. As was
demonstrated before, different InGaN sources can be used. Here, an OSRAM
Dragon PowerStar commercial LED was used since it presents an intrinsic
bandwidth similar to CQDs, around tens of MHz, as measured and demonstrated
in Chapters 2 and 3. For fast response colour-converters, such as the
semiconductor platelets and BBEHP-PPV polymer, a uLED or a laser diode can
be used instead [1]-[3].

Solid-state white light can be generated mainly by two distinct approaches.
The most typical of these uses a blue LED with a yellow down-converting
material, such as a rare-earth doped phosphor, that partially converts the blue
pump photons to yellow [4]-[7]. The resulting combination creates white light.
The other approach ideally uses three colours such as Red, Green and Blue (RGB)
LED chips [8]-[10]. However, due to ‘the green gap’ (see Figure 1.1) it is difficult
to match the optimum wavelengths to generate white light, making this approach
difficult to implement. To increase the colour temperature a yellow phosphor can
be added (thus using RGBY). In both cases, one should consider the amount of
light that is absorbed and transmitted through the colour-converter materials
alongside the LED’s efficiency droop, since an uneven and unstable power
conversion efficiency will lead to different colour temperature [11]. Apart from
this, heat management issues can compromise the light quality since each
material device structure behaves differently resulting in an emission shift across
the visible spectrum. Typical spectra for both configurations are presented in

Figure 5.1.
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Figure 5.1 — Emission spectrum from a) a blue LED with a yellow phosphor and b) an
RGB LED combination.

The spectral response of the following devices was measured using an Ocean
Optics USB4000 spectrometer. For these measurements, given that the
spectrometer’s CCD presents a different sensitivity at different wavelengths, it
was initially calibrated. To do this, a white-light calibration lamp, Ocean Optics
HL-2000-CAL, was used. From the spectral response one can determine the CIE
coordinates that are used as a universal reference across different systems [12].
They express how the human eye experiences light in the visible spectrum,
through the tristimulus values X, Y and Z [13]. These values are determined using

expressions 5.1-5.3:
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where I(1) is the experimentally measured spectral distribution and %(1), y(4)
and z(A1), the standard CIE colour matching functions that describe the chromatic
response of the observer. From this, the coordinates are then determined using
expressions 5.4-5.6. Typical CIE colour plots are presented in Figure 5.5 and

Figure 5.9.
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In order to acquire the CIE coordinates and spectral response from both
devices, the setup described in Chapter 2 was used.

The combination of light from a GaN LED with the emission from different
colloidal quantum dots is presented first, followed by the hybrid device (WLED
with capillary bonded III-V semiconductor) with a thin film of BBEHP-PPV

polymer.

5.1 Commercial LED with colloidal quantum dots

White-light can be created by the combination of the studied red and green
colloidal quantum dots with an off-the-shelf blue LED (OSRAM Dragon
PowerStar). As seen in Figure 5.1b, in order to have white light one should aim to
achieve a 1:1:1 ratio between the RGB colours. This means the colour-converters
should present similar relative efficiency and absorption. Unfortunately, as can
be seen by reference to the data presented in Chapter 3 for these samples, this
was not possible to achieve due to their intrinsic properties. This issue was
addressed by controlling the amount of blue excitation light going simultaneously
through both samples. To do so, the less efficient green sample was partially
bonded onto a 20 x 20mm? cover glass with the best red sample, and placed after
the first set of aspheric lenses. By playing with the pump’s focal point and its
relative position, it was possible to tune the amount of light that was effectively
going through the samples to be converted and the light going straight to the
spectrometer. The converted light was then collected by another set of aspheric
lenses, with NA of 0.61 and a diameter of 45 mm, followed by a 40x microscope
lens, NA of 0.75, to couple the light into the spectrometer’s optical fibre. For
illustration, a schematic and a picture with the set-up and the samples being

pumped with a puLED can be seen in Figure 5.2.
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Figure 5.2 — Illustration and photograph of the set-up for white light generation with
a commercial LED and the red and green colloidal quantum dot samples. (2) and (4)
refer to the set of aspheric lenses, (1) to the optical source, (3) to the colour-converters,
(5) to the microscope lens and (6) to the photoreceiver.

By changing the position of the glass cover coated with the bonded
colour-converter quantum dots it is possible to tune the white light colour
temperature, a parameter that is expressed in Kelvin, K. The colour temperature
with a higher blue contribution is usually described as ‘cool colour’ — and is over
5000K — whilst colour temperature below that, ranging from yellowish to reddish
wavelengths, is described as warm colour. Figure 5.3 presents spectra from three
different colour temperatures from the same source. This was achieved by
adjusting the ratio of each wavelength that generates white light.

From the presented spectral power distribution, and using the equations
presented above, it is possible to determine the tristimulus values used to
determine the CIE colour-space coordinates. In this particular case the
coordinates were determined using the software Ocean Optics SpetraSuite that
runs with the Ocean Optics spectrometer. The correlation between the spectra
from Figure 5.3 and the colour-space is presented in Figure 5.5. As depicted, in
the presented cases the colour-temperature can vary between ~5000K up to

~6000K.
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Figure 5.3 — Emission spectra of blue, green and red light from the commercial LED
and the colloidal quantum dots respectively.
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Figure 5.4 — CIE colour space displaying light sources at different
colour-temperature [14].
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Figure 5.5 — CIE colour space for the commercial GaN LED plus red and green
colloidal quantum dots configuration.

This approach proved interesting to generate white light. However, it needs
further improvements since the quantum dots present different efficiencies and
absorptions for the same weight ratios making it difficult to achieve a spectral
ratio of 1:1:1. Another issue comes from the scattering of blue light from the
source. In 1i1deal conditions all the emitted light should go through the
down-converting material.

In order to create a proof-of-concept device capable of offering a more robust
approach, an alternative configuration incorporating the colour-converter
materials onto the LED package was conceived. This used a multi-well mould and
integration with a commercial LED as illustrated schematically in Figure 5.7a.
Depending on the desired final colour and application, the mould can have
different sizes and spatial distributing of the wells. For a standard white light, a
mould with only two wells can be used (Figure 5.7c), each well being filled with
two or more down-converter materials.

To demonstrate this approach, a PDMS polymer was used to create the wells
due to its easy fabrication and manipulation. However, a better material for the
mould fabrication would be a photoresist, like SU-8. This is because the quantum
dot colour-converters are processed using a solvent solution, as explained in

Chapter 4, which may affect the PDMS structure while not dry. Furthermore, the
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SU-8 has better heat dissipation, with thermal conductivity around 0.3W/mK
[15], than PDMS, which presents a thermal conductivity of ~0.15W/mK [16]. An
additional consideration, in order to avoid multiple reflections and scattering at
the various surfaces, is that the materials used should have similar refractive
indices.

The multi-well mould designed for this device was fabricated using four
small squares of glass with dimensions of 5 x 5 mm?2and ~1.25 mm thick which
were used to define the layout of the wells. In addition, a bigger glass square to
simulate the thickness and size of the commercial LED packaging was used as
well. After cleaning the glass squares, the largest one was placed onto an
aluminium dish and the PDMS solution poured in until it was covered and left to
dry. Afterwards, the other four small glasses were laid on top of the biggest glass
piece and more PDMS was poured in until the sides of the small glass pieces were
covered. A schematic of the process is presented in Figure 5.6. In the schematic,
step 1 shows the placement the glass square that mimic the commercial LED die
into a Petri dish. Step 2 shows the pouring of a polymer such as PDMS until a
thin layer of polymer is achieved on top of the glass. In step 3, and after allowing
some time to dry the polymer, the smaller platelets to create the wells to be filled
by the colour-converters were placed on top of the PDMS. Again, the PDMS was
poured into the Petri dish to form the wells. In step 4, the finished mould was
then removed from the Petri dish and all the glass pieces extracted leaving behind
open vacancies. At this stage, the mould can be placed on top of the LED die and

filled with the desired colour-converter concentrations.

V' 4

(2) l

(2) l ‘\\ \ [ ]

-y . a0 ‘
! "1 "
V- 4 - V4 -

Figure 5.6 — Schematic showing the fabrication process of the PDMS moulds.
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The PDMS solution was made by the combination of two silicon rubber
compounds, SSR1V615A and SSRTV615B, at a ratio of 10:1.

Figure 5.7b-d, present the result of this approach for the integration of
colloidal quantum dots, or other colour-converters, in PMMA using a PDMS

mould onto a commercial LED.

Figure 5.7 — a) PDMS mould schematic for integration onto a commercial LED, b)
square PDMS mould integrated on a commercial LED, c¢) and d) proof-of-concept
PDMS moulds filled with colloidal quantum dots.

This white-light approach could present an alternative for white-light
illumination based on phosphors used in visible light communications. As
demonstrated in Chapter 3, the colloidal quantum dots can be modulated up to
~27 MHz providing maximum data rates up to 500 Mbit/s. However, the main
drawback in this configuration is the light source, with a limited maximum
bandwidth of 11 MHz as demonstrated in Chapter 2, Figure 2.13. In order to

address this limitation a laser diode or a uLED could be used.
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5.2 Hybrid device for white light (GaN pLED + III-V platelet +
BBEHP-PPV)

The second approach coupled a hybrid device (based on the III-V AlInGaP
epitaxial platelet as presented in Chapter 4) and a thin BBEHP-PPV film
(Chapter 3). The fabrication process of the film uses similar steps as was described
for the CQDs. The BBEHP-PPV that is originally in a form of powder was mixed
with chloroform in order to achieve a concentration of 10 mg/mL and left to stir.
After achieving a uniform dispersion, PDMS was added to obtain a 4% weight
ratio with the polymer. The solution was then left to stir for several days. The
mixed solution can then be spin-coated or drop-coated onto a glass slide or a Petri
dish. Due to the space constraint on the pLED chip, the BBEHP-PPV film was
bonded initially onto a cover slide. To measure the system’s overall spectral power
distribution two pairs of aspheric lenses were used — ACL4532-A with NA of 0.61.
They were used to collimate and then focus the light onto the green
colour-converter and then from the colour-converter onto a 40x microscope lens
with NA of 0.75. The microscope lens was used to couple the light into the

spectrometer’s optical fibre as depicted in Figure 5.8.

(1) () (3) (4) (5 (6

Figure 5.8 — Illustration and photograph of the set-up for white light generation
combining a hybrid LED using the III-V platelet and the BBEHP-PPYV film. (2) and (4)
refer to the set of aspheric lenses, (1) to the optical source, (3) to the colour-converters,

(5) to the microscope lens and (6) to the photoreceiver.
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After aligning and calibrating the system, the spectral power response was
acquired. The CIE colour space obtained for this configuration is presented in

Figure 5.9.

CIE 1931

0.8 4
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0.8

Figure 5.9 — CIE colour space for the uLED plus III-V platelet and BBEHP-PPV.

The 1ideal solution here would be the direct integration of both
colour-converters on the pLED’s sapphire window. However, and as seen already
in Chapter 4, the uLEDs do not present a good cooling system, meaning most of
the heat will dissipate through the down-converter materials. This will be an
important limitation factor in their performance. A possible approach to address
this could be the bonding of the desired colour-converters on a diamond platelet
and using a lens, e.g. diamond or sapphire lens, to cover them. In this
configuration, both materials would be encapsulated making it more reliable since
the heat is dissipated through the diamond/sapphire. Besides, this ‘sandwiched’
configuration would act as protecting layer increasing the material’s lifetime. A

tentative sketch of this approach is presented below, see Figure 5.10.
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Figure 5.10 — Schematic depicting the integration of colour-converters onto a uLED
followed by the bonding of a diamond or sapphire lens/platelet.

5.3 Summary

In the present chapter two approaches to achieve white light using the
colour-converters used throughout this work were discussed. Both of them
combine red, green and blue wavelengths. The first approach combines the blue
electroluminescence of a commercial LED with the red and green
photoluminescence from red and green CQDs. Here, due to the different
absorption and relative efficiencies of CQDs, different weight ratios of
colour-converters were used. Since the green CQDs present the best efficiency the
lowest CQDs/PDMS weight ratio of 1% was used along with the best performing
ratio of red CQDs/PDMS presented in Chapter 3 of 7%. By controlling the amount
of blue light onto the colour-converters it is possible to generate white light as
depicted in Figure 5.6. In addition, a possible integration schematic was
presented.

The second approach used a hybrid LED, which results from the
combination of a uLED with a red emitting platelet based on the III-V
semiconductor. To generate the missing green wavelength BBEHP-PPV was used.
Here, white light was also achieved. A further optimisation of this system was

presented.
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Chapter 6

Conclusions and outlook

The work presented in this thesis focused on the characterisation and
development of novel materials to be used as solid state light down-converters for
GaN LED and LD visible light communications. Previous work used efficient
rare-earth phosphors for VLC at expense of slow modulation speeds and a power
penalty that impairs the applicability to telecommunication system. The most
significant development of this study was the incorporation of fast
colour-converter such as BBEHP-PPV, colloidal quantum dots, II-VI and III-V
semiconductors onto solid-state light sources to achieve faster modulation speeds
and tuneable colour temperature for white-light generation. The main limitation
of the presented approaches is the lack of heat dissipation that impaired the
efficiency and response of the down-converters and ultimately the optical sources.
Using hemispherical lenses made of sapphire and diamond did not provide a
conclusive outcome as heat spreaders and beneficial use in newer devices for
colour-conversion. Further tests need to be carried out to assess the best
configuration/approach in order to passively cool the presented devices.
Nevertheless, it was shown that the integration of organic semiconductors and
colloidal quantum dots onto a polymeric matrix offers a new pathway to integrate
them on any desired optical source. Furthermore, this integration presented an
increase of photostability and lifetime which is still an important limitation for
these materials. II-VI and III-V epitaxial structures were successfully
implemented onto different substrates demonstrating the high flexibility of using

this kind of structures for colour-converters.

Chapter 1 provided a general insight into the physical properties and
characteristics of the materials used throughout this thesis. It started by

explaining the motivation behind the study of the materials selected as
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down-converters referring to the fact of low efficiency in the green/yellow region
of the visible spectrum, known as the green gap, and the efficiency droop which
impairs the light-emitting diode (LED) performance. Regardless, the huge
development of solid-state lightning has allowed this device technology to mature
to the point where advanced visible LEDs are now starting to pervade our daily
life. This is due to their high electrical-to-optical efficiency, low power
consumption and long lifetime as well as their compatibility for integration,
making them greatly superior to the typical light bulbs that have been used for
lighting so far [1]. An introduction to typical p-n diodes and heterostructures was
made. The physics and principal processes behind the fluorescence phenomena of

the down-converters used in this thesis were also introduced here.

Chapter 2 presented all the optical setups and the optoelectronic tests
carried out to fully characterise the optical sources and the colour-converter
materials. Key features to compare the down-converters’ performance were
discussed, e.g. the absorption and relative efficiency. As explained, the frequency
response of the LEDs and the colour-converters are intrinsically related to the
carrier recombination lifetimes. It can be determined using techniques such as
time-domain and frequency-domain measurements. An insight into the working
principles of both measurements was performed. In the first case, the working
principle behind the TCSPC equipment and the way the lifetime is calculated was
discussed. The frequency-domain experiment and the required calculations to
determine the carrier lifetime was presented as well. The lifetimes obtained from
both experiments are within the same range indicating both approaches are valid
for lifetime determination. However, frequency-domain experiments tend to be
used more often as this is required to know the colour-converters frequency
response curve.

Several GaN-based optical sources were used to characterise the
colour-converters. All of them showed peak emission centred around 450 nm. The
commercial LED was driven up to 300 mA which corresponds to around 110 mW
of excitation power and a bandwidth of 11 MHz. For free-space and
nanomembrane integration, several uLEDs were used. Depending on the pixel
size, they were driven up to 200 mA achieving optical powers up to 17 mW. As

explained, the bandwidths are current dependent and can be attributed to the
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reduced carrier lifetime in the active region at higher carrier density. Thus, small
pixel present higher frequency responses. Here, the maximum achieved
bandwidth was 250 MHz. The use of a blue commercial laser diode as an optical
source was studied as well. The maximum achieved forward optical power was
100 mW presenting bandwidths above 1.4 GHz (limited by the response of the

photoreceiver).

Chapter 3 introduced the different processing steps and the results from the
red and green colloidal quantum dots and the organic semiconductor,
BBEHP-PPV. The integration of such colour-converters into a polymeric matrix
allowed an increase of their photostability and lifetimes. Besides, the polymer’s
intrinsic properties such as high flexibility, high surface adhesion and
repeatability, allowed the creation and new ways to incorporate such
down-converters onto InGaN LEDs. Different weight ratios of quantum dots and
BBEHP-PPV with the host matrix were studied. Relative efficiencies up to 9%
and 1% for the green and red quantum dots respectively, were achieved.
Bandwidths up to 26 MHz were measured with the best performing samples
achieving free space communications at up to 500 Mbit/s. The different efficiencies
and bandwidths between both types of quantum dots were related with the alloy
ratios CdSxSe1x of the core of the nanoparticles. Such colour-converters showed
very promising results achieving higher bandwidths and modulation speeds than

the standard phosphors.

In Chapter 4 the epitaxial structures and their incorporation onto the
sapphire window of GaN uLEDs were discussed.

Initially, the integration of a II-VI epitaxial structure onto the uLED’s
sapphire window was presented. The structure consists of nine ZnCdSe quantum
wells with CdMgZnSe barriers designed to emit at 540 nm. It was found that the
quantum wells absorb around 85% + 1% of the pump light presenting external
efficiencies around 1% £ 0.1%. At maximum driving power, 37 pW of converted
optical power was measured. The low converted power results from the fact the
membrane structure used was not primarily designed for colour-conversion, but
rather as a VECSEL (Vertical External Cavity Surface Emitting Laser). Besides,

the high refractive index contrast between the membrane material and air (3.4:1)
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resulted in a significant amount of waveguided light, which was then lost through
reabsorption and edge emission. Improved epi-layer design of the membrane and
implementation of light extraction schemes would improve this value
significantly. Nevertheless, the membrane presented intrinsic responses up to
145 MHz. The hybrid response achieved bandwidths up to 51 MHz. Here, the
overall response was limited by the frequency response of the underlying pixels.
Faster bandwidths, and consequently modulation speeds, would allow this device
to present much higher responses.

III-V nanomembranes were also studied and integrated onto the sapphire
window of a pLED. The chip in this device had several pixels of four different
sizes, 50 x 50 pm?2, 75 x 75 pm?, 100 x 100 pm? and 150 x 150 pm? rather than
pixels of 100 x 100 um?2 as was used for the II-VI integration. The ITII-V structure
consists of six GalnP quantum wells with AlGalnP barriers and was designed to
emit at 640 nm. The forward power conversion efficiency was found to be close to
1.2%. However, due to the effect of heat resulting from the pLED operation there
was a noticeable power roll-over influencing the nanomembrane efficiency. In
order to supress this issue, a hemispherical lens of sapphire was capillary-bonded
onto the platelet. Spectral response tests showed the lens did not provide a good
heat dissipation medium but did help to increase the extraction efficiency,
reaching in some cases improvements up to 98%. The III-V intrinsic and the
overall device response were measured reaching bandwidths up to 320 MHz and
170 MHz, respectively. PAM and OFDM tests were performed being the
maximum achieved data link transfer of 870 Mbit/s.

Both proof-of-principle devices offer a new pathway to fast-response and

robust colour-conversion system with potential application in VLC.

Chapter 6 presents some work based on the previous devices and
colour-converters to generate white light. Here, a commercial LED was used to
optically pump red and green quantum dots at different weight ratios. The
combination of the three colours provided a white-colour temperature emission.

A white-colour was achieved as well by the combination of a BBEHP-PPV

film with the III-V hybrid device presented previously.
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6.1 Future work

The use of solid-state lighting and ultimately colour-converters in visible
light communications should present very high external efficiencies, since the
light provided from this system still needs to be used for illumination, and the
devices should present high frequency responses in order to be able to transmit
the maximum information possible. At the moment, the materials studied present
very high bandwidths and data transmission but low external efficiencies. Several
approaches could be studied to address this issue. An anti-reflective coating could
be designed to reduce the reflections onto the colour-converter material. The
application of higher refractive substrates in between the colour-converter and
air, similar to that presented here, can also help the extraction efficiency. Besides,
if properly designed and implemented this can help to improve the efficiency
droop resulting from the poor heat spreading.

In the case of colour-converter embedded onto a solution-processable
polymeric matrix, this can be designed in order to have a periodic grating or a
photonic crystal on its surface in order to scatter light by employing a
soft-lithography approach. The same principle could be used for the epitaxial
membranes. The structure could be engraved onto the buffer layer or be
implemented during the epitaxial semiconductor growth. However, the
implementation of such features would increase the complexity of the design and
the growth of such a device.

Following the same principle depicted in Figure 5.5 where a polymeric
solution based on quantum dots was used to fill some wells in order to create
white-light, wells etched onto the sapphire windows of the uLED could be
designed to accommodate several colour-converters or a single colour-converter
per pixel. This would create the possibility of having a multicolour chip where a
single pixel could be down-converted to one or several colours whilst at the same
time opening new possibilities for different telecommunications systems where
different pixels / chips would work as different data carrier channels. Depending
on the size of the wells, the colour-converters could be placed onto the desired
position by using a contact printer, an Ink-Jet printer or, in the case of single

colour chip by a spin- or drop-coating technique. Such approach would allow the
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miniaturisation of a down-converter device to the actual size of the uLED.
However, heat spreading throughout the sapphire window would influence the
efficiency of the colour-converter, and in this case active heat dissipation would
be required.

The integration of optoelectronic devices on foreign substrates by a
technique called transfer-printing where micro-fabricated LEDs or
nanomembranes are detached from their growth wafer and placed onto a
desirable substrate offer another interesting approach onto the integration of
colour-converters with InGaN optical sources [2], [3]. Using such technique, the
membranes could be placed virtually on any optical source window with the
advantage of providing a careful placing.

Finally, by designing other nanomembrane structures using AlGalnP or
InGaN material systems or even using different CQDs alloyed configurations with
narrow emissions, it should be possible in principle to extend the wavelength
coverage across the visible spectrum offering a new pathway for white light
generation and Wavelength-Division Multiplexing (WDM) systems, in which each

wavelength can be used for data transmission.
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Abstract

CrossMark

The rapid emergence of gallium-nitride (GaN) light-emitting diodes (LEDs) for solid-state
lighting has created a timely opportunity for optical communications using visible light.
One important challenge to address this opportunity is to extend the wavelength coverage
of GaN LEDs without compromising their modulation properties. Here, a hybrid source for
emission at 540 nm consisting of a 450 nm GaN micro-sized LED (micro-LED) with a
micron-thick ZnCdSe/ZnCdMgSe multi-quantum-well color-converting membrane is
reported. The membrane is liquid-capillary-bonded directly onto the sapphire window of the
micro-LED for full hybridization. At an injection current of 100 mA, the color-converted
power was found to be 37 yW. At this same current, the —3 dB optical modulation
bandwidth of the bare GaN and hybrid micro-LEDs were 79 and 51 MHz, respectively. The
intrinsic bandwidth of the color-converting membrane was found to be power-density
independent over the range of the micro-LED operation at 145 MHz, which corresponds to
a mean carrier lifetime of 1.9 ns.

Keywords: photonics, GaN LED, semiconductor, color-converters, visible light communications

(Some figures may appear in colour only in the online journal)

1. Introduction

Development of light-emitting diode (LED) technology is
driven mainly by the need for efficient solid-state lighting, but
it is also creating opportunities for new applications such as
visible light communications (VLCs) [1]. VLC requires light
sources that are not only efficient but also have high modula-
tion bandwidth and are wavelength versatile. White-emitting
LEDs, and color-converted LEDs in general, are typically
obtained by combining blue InGaN LEDs with down-

0268-1242/15/035012+07$33.00

converting phosphors. This approach is effective for illumi-
nation purposes but is not well suited to VLC because of the
long (us) excited-state lifetime of phosphors. The resulting
sources have modulation bandwidths limited to ~1 MHz,
whereas unconverted blue InGaN-based LEDs have band-
widths of 20 MHz up to 400 MHz depending on their formats,
with single-color direct-LED-emission data links at >1 Gbit s™'
rate having been demonstrated [2]. There is therefore a need to
explore color-converting materials with shorter excited-state
lifetimes to complement rare-earth phosphors. Organic

© 2015 IOP Publishing Ltd  Printed in the UK
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semiconductors and colloidal quantum dots are potential can-
didates but they necessitate advanced encapsulation schemes
for long-term environmental stability [3].

Here we introduce an alternative approach based on
using inorganic MQW semiconductor epi-layer membranes as
photo-pumped color converters for the underlying InGaN
LEDs. This technology benefits from being based on all-
inorganic semiconductors and therefore promises to be robust
[4, 5]. It also leads to extremely compact sources, as the
membrane can be integrated (as we show) by techniques such
as liquid capillary bonding. There are several options for
wavelength coverage across the visible spectrum with avail-
able semiconductor alloys for MQW membranes including
-V AlGalnP (yellow to red) and InGaN (green) materials
and II-VI CdMgZnSe (green to orange) materials [4, 6]. As
proof-of-principle of a generic approach, the hybrid LED
demonstrator discussed here is obtained by capillary-bonding
a 540 nm emitting, I[I-VI CdMgZnSe MQW membrane onto
an array of 450 nm InGaN micro-size LEDs (micro-LEDs),
on the sapphire side, taking advantage of the high modulation
bandwidths associated with these small-sized LEDs [7].
Micro-LEDs operate in a size regime where physical char-
acteristics that play a major role for VLC, e.g. current density,
differential carrier lifetime and junction capacitance, diverge
from those of conventional format broad area LEDs. This size
regime firmly applies to devices with dimensions of 100 um
(as used in this work) and below, where devices can handle
KA cm™ of dc current density and possess significantly higher
modulation bandwidths [7]. We chose II-VI materials for
converters in this initial study because (i) they are readily wet
etched into epitaxial membranes, (ii) they can be designed to
offer coverage of the visible spectrum promising white-light
generation, and (iii) they permit an alternative approach to
green emission at high-modulation-bandwidth, useful for e.g.
introducing coarse wavelength division multiplexing (blue
and green) into optical wireless and polymer optical fiber
communications.

In the following, the hybrid device fabrication and char-
acterization methods are described in section 2. Sections 3 and
4 report and discuss, respectively, the continuous-wave (CW)
and dynamic characteristics of the hybrid source.

2. Device fabrication and characterization

2.1. Device design and fabrication

The 450 nm wavelength micro-LEDs used to pump the MQW
membrane were fabricated using a commercial p-i-n GaN
LED structure grown on c-plane sapphire, following the
procedure reported in [8]. Here, the fabricated chip is made of
several 100x 100 um square micro-LEDs spaced 450 ym
apart, figure 1. After fabrication, the chip was placed onto a
printed circuit board and wire bonded to tracks connected to
SMA connectors, such that the micro-LEDs could be
addressed individually.

The II-VI MQW membrane structure was grown by
molecular beam epitaxy on an InP substrate and InGaAs

growth buffer. It consists of nine ZnCdSe quantum wells with
CdMgZnSe barriers and was designed to absorb the pump
emission in-barriers. The quantum wells emit at 540 nm in a
resonant periodic gain configuration for potential alternative
use as a laser gain medium [9]. The InP substrate was
removed by a combination of mechanical polishing and wet
etch process using a solution of HCI:H3PQOy, in a ratio of 3:1,
followed by the removal of the InGaAs layer with a solution
of H;PO4:H,0,:H,0, in a ratio of 1:1:6 for maximum etch
selectivity with the II-VI material [10]. The epi-side is fixed
onto a temporary glass substrate for this step, using a wax, for
mechanical support during processing. After substrate
removal, the II-VI layer was transferred from the glass and
capillary-bonded using deionized water onto the sapphire
window of the LEDs to complete the hybrid device [11]. The
resulting MQW membranes have a thickness of less than
2.5 um, and a typical surface area of a few mm?. Images of
the hybrid device and structural membrane layout are shown
in figure 1.

2.2. Experimental setups

The device was characterized in terms of optical power,
emission spectrum and modulation bandwidth prior to and
after membrane integration. For the power measurements, the
device under test was fixed on top of an optical power meter
with a 30 mm cage plate in between to enable the optional
placement of an optical long-pass filter (500 nm cut-off
wavelength). Hereafter, in sections 3 and 4, we refer to the
micro-LED with no membrane as the ‘bare LED’, the LED
with integrated membrane as the ‘hybrid micro-LED’, and the
micro-LED with membrane and filter in place at detection
simply as the ‘integrated MQW membrane’. Optical spectra
were recorded with an Ocean Optics USB4000 Fiber Optic
Spectrometer (2.5 nm resolution).

For the frequency response and modulation bandwidth
measurements, a set of aspheric lenses with focal length of
32 mm and high numerical aperture (NA =0.612) were used
to collect and focus the micro-LED emission into a Femto
HSA-X-S-1G4-SI fast photoreceiver (bandwidth of 1.4 GHz).
The LED device was simultaneously driven with a dc bias
current and a frequency-swept modulated signal (0.250 Vpp)
that were combined with a wideband (0.1-6000 MHz) Bias-
Tee. An Agilent HP 8753ES network analyzer was used to
provide the modulation signal and to record the device fre-
quency response as detected by the photoreceiver. The long-
pass filter was placed before the detection for measurements
of the integrated MQW membrane characteristics.

The intrinsic modulation bandwidth of the stand-alone
membrane was also characterized as a function of the exci-
tation power density (section 4). For this, the membrane was
supported on a glass substrate and remotely pumped with a
bare micro-LED. A pair of lenses was placed directly after the
bare device to focus its light onto the stand-alone membrane.
Further optics were used to collect the light emitted by the
membrane and focus it onto the photodetector. A Coherent®
BeamMaster was used to measure the micro-LED beam size
incident onto the membrane surface and hence to deduce the
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Figure 1. (a) Plan view micrograph of the hybrid device. The micro-LED pixels are the smaller elements as labeled, some of which are
bonded underneath the [I-VI membrane. Between the membrane and the underlying LEDs is the sapphire substrate, (b) [I-VI membrane

when pumped by a blue LED, (c) II-VI MQW structural design.

incident power density. The full width at half maximum
(FWHM) spot-size was found to be 330 yum. The bandwidth
measurement of the stand-alone membrane was otherwise as
described above.

3. CW characteristics

Normalized spectral measurements for the bare micro-LED,
the hybrid micro-LED and the integrate MQW membrane (i.e.
the contribution of the converted light at 540 nm) are pre-
sented in figure 2. The bare micro-LED has emission centered
at 445 nm. The hybrid LED spectrum shows a peak centered
at 475 nm and a secondary peak at 540 nm. The emission at
540 nm comes from the light emitted by the II-VI MQW

membrane. The II-VI membrane is designed to absorb
97-98% of 450 nm monochromatic light. Because of the
bandwidth of the bare micro-LED spectrum (23 nm FWHM)
the effective micro-LED light absorption is 85% +1%. The
band-edge of the membrane is at around 460 nm and therefore
the long-wavelength tail of the micro-LED emission is not
fully absorbed, explaining the ‘apparent’ 475 nm peak in the
spectrum of the integrated MQW membrane.

The power transfer functions (optical power versus bias
current) for the bare, hybrid micro-LEDs and integrated
MQW membrane are shown in figure 3. At 100 mA dc, which
was found to be the maximum current before thermal rollover,
the measured optical powers from the bare micro-LED and
the integrate MQW membrane (i.e. the color-converted light
contribution) are 4 mW and 37 uW, respectively. The total
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Figure 2. Emission spectra from bare and hybrid pixels and the II-VI
band-edge normalized absorption.
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Figure 3. CW optical powers of the bare, hybrid unfiltered micro-
LED and integrated MQW membrane.

power of the hybrid micro-LED is 0.58 mW. The power
conversion efficiency—defined as the ratio between 540 nm
over incident 450 nm power—was found to be 1% +0.1% as
derived from the power transfer functions. The membrane
structure used for this initial proof of principle was not pri-
marily designed for color-conversion and the high index
contrast between the membrane material and air (2.5:1)
results in a significant amount of waveguided light, which is
then lost through reabsorption and edge emission. Improved
epilayer design of the membrane and implementation of light
extraction schemes would improve this value significantly.

4. Dynamic characteristics

The modulation properties of the hybrid micro-LED are
important for VLC applications and represent the main focus
of this study. This section looks into the dynamic character-
istics of the bare micro-LED and the MQW membrane and
what this implies for the hybrid LED modulation properties.
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Figure 4. Frequency responses for 80 mA bias current of the bare
and hybrid micro-LED, as well as the intrinsic response of the color-
converting membrane (integrated MQW membrane), with the
respective bi-exponential fits.

4.1. Bandwidth measurements

The electrical frequency responses of the bare micro-LED and
integrated MQW membrane were measured at different levels
of bias current. The —3 dB optical bandwidth values (the
frequency at which the optical power is half the dc value, f,)
was obtained for each bias current by fitting the data, con-
sidering a possible multi-exponential decay of the lumines-
cence. The following expressions were used for the fits [12]:

a[(UTiZ

Zim

N(w) = T, (D
a;T;
Zi (1 + wzriz)
D(w) = T, (2)
M (@) = (N (@) + D(a))z)m. 3)

In the expressions (1)—(3), the @ and 7; parameters
represent the angular frequency of the modulation and the
time constant of the ith exponential decay process, respec-
tively. a; is a multiplicative factor indicating the contribution
strength of the ith decay process. N, D and M are the sine and
cosine intensity decay transforms and the demodulation fac-
tors [12].

The frequency responses of the bare micro-LED and
integrated MQW membrane when driven at 80 mA bias cur-
rent and their corresponding fitting curves are depicted in
figure 4. They are fitted considering a bi-exponential decay of
the luminescence, one component of the decay being domi-
nant. The resulting parameters for this particular case are,
a;=0.0037, a,=0.9963, 7,=0.2 us, 7,=3ns, f.,=69 MHz
and a;=0.0024, a,=0.9976, 7,=0.2pus, 1,=4.6ns and
feo=47 MHz respectively.
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Figure 5. The —3 dB optical bandwidths of the bare uLLED and of the
hybrid micro-LEDs—the intrinsic bandwidth values of the mem-
brane (integrated MQW membrane) are also plotted.

The data for the intrinsic response of the color-converting
membrane is obtained by removing the frequency response
contribution of the bare micro-LED from the overall response
of the hybrid device [3]. This is also plotted in figure 4 along
with its fit. This response is accounted for by a mono-expo-
nential decay of the MQW membrane photoluminescence and
its bandwidth is determined by the following bandwidth-
lifetime relation,

fo = SEL S

277

In equation (4), f, is the optical bandwidth and z; the
photoluminescence lifetime, also the carrier lifetime. The
mono-exponential decay parameters found for this curve are,
a;=1,7,=2.0ns and f,,=139 MHz.

Figure 5 plots the optical bandwidth values versus the
InGaN LED bias current for the bare and hybrid micro-LED
as well as the intrinsic modulation bandwidth of the mem-
brane. The data is also summarized in table 1 along with the
respective goodness of fit (GoF) values. The GoF is a sta-
tistical analysis that characterizes how well the fit describes
the measured data, i.e., is a parameter often used to describe
the discrepancy between a set of raw data and a model. With
GoF =1 being a perfect fit and GoF < 1 indicating some dis-
crepancy between data.

The micro-LED bandwidth is current dependent and
reaches 79 MHz at 100 mA. This current dependency can be
attributed to the reduced carrier lifetime in the InGaN micro-
LED active region as the current, and hence the carrier den-
sity, increases [13, 14]. The typical intrinsic response of the
membrane is 145 MHz, much faster than conventional phos-
phors, see also figure 6. The hybrid micro-LED behavior is
the combination of the frequency responses of the color-
converting membrane and the underlying micro-LED. The
result is a modulation bandwidth of 51 MHz limited by the
slower of the two components, i.e. the micro-LED response in
this case. Higher modulation bandwidths are expected by
using blue micro-LEDs of even smaller dimensions [2].
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Figure 6. Bandwidth dependence over different power densities.

4.2. Power density dependence of the intrinsic bandwidth of
the color-converting membrane

The dependence of the color-converter bandwidth on the
incident micro-LED pump power density was further studied.
Since the micro-LED is in flip-chip configuration, i.e. the
emission occurs through the sapphire substrate, the excitation
area at the membrane/sapphire interface is determined by the
divergence of the micro-LED light and the propagation length
through the sapphire. Due to the small LED size, the exci-
tation spot incident on the membrane can in good approx-
imation be assumed to be circular with diameter equal to the
substrate thickness, i.e., 330+20 ym in this case [15]. The
intrinsic bandwidth data of the membrane as previously
determined is then plotted again in figure 6 as a function of
the incident excitation power density (‘integrated mem-
brane”). For pump power density between 1 and 1.75 W cm ™,
the average intrinsic bandwidth is 145 MHz.

In order to observe with more confidence the bandwidth
behavior of the MQW membrane at excitation power density
below 1Wcem™, it was independently characterized, i.e.
when separated from the micro-LED, as a stand-alone
membrane. In this case the membrane was held onto a glass
substrate and remotely pumped with a 450 nm micro-LED as
explained in section 2. Results are plotted in figure 6 (black
squares, ‘stand-alone membrane’).

The vertical error bars in figure 6 represent the root mean
square errors of the fits of the frequency responses. Overall,
the presented bandwidth values are within the error bars of the
surrounding points so there is no significant power density
dependence of the membrane intrinsic bandwidth. The aver-
age bandwidth over the range of 450 nm light power density
corresponding to the operation of the integrated MQW
membrane is around 145 MHz. This corresponds to an
effective carrier lifetime of 1.9 ns. This value can be corro-
borated by direct time-correlated single photon counting,
TCSPC, measurement of the stand-alone membrane. Such
TCSPC analysis was done using an Edinburgh Instruments
system using an EPL-450 Picosecond pulsed diode laser as
the excitation source (450 nm). Differences in the TCSPC
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Table 1. Table with bandwidth values, f,, for the [I-VI membrane (integrated MQW membrane—a long pass filter was used to remove the
blue light), the bare micro-LED and the hybrid device, the goodness of fit, GoF and the lifetime, z;.

Bare micro-LED

Intrinsic II-VI membrane response®

Hybrid micro-LED

I(mA) f,(MHz) GoF  f.,(MHz) 7; (ns) GoF  fio (MHz)  GoF
5 23+2 0991 7815 3.5+14 0.947 161 0.997
10 29+2  0.988 1262 2.2+0.1 0.958 232 0.995
20 37€2 0987 19131 1.4£0.5 0.875 32+5 0.993
40 582 0983 15017 1.8+0.4 0.922 382 0.993
60 584 0963 1338 2103 0.934 413 0.995
80 69+6 0986  139x12 2.0+04 0.947 473 0.996
100 796 0990  145+25 1.9+0.7 0.837 512 0.995

’ Frequency response obtained through the bare and hybrid LED measurements.

lifetime measurement were seen between membranes pro-
cessed from the same epilayer structure however, the average
measured lifetime from a number of such membranes was
found to be 1.4 +0.2 ns, showing reasonable consistency with
the frequency response data.

The photoluminescence and the optical bandwidth of the
MQW membrane, which is two-orders of magnitude higher
than for phosphors, means that high-speed color-conversion
can be realized for a range of light levels that correspond to
micro-LED operation.

5. Conclusions

This proof-of-concept demonstration of a hybrid micro-LED
with integrated MQW membrane offers a pathway to fast-
response and robust color conversion and has potential for
VLC applications. The modulation bandwidth of the 540 nm
hybrid micro-LED was measured to be up to 51 MHz for an
intrinsic bandwidth of the MQW membrane and of the
underlying micro-LED of 145 and 79 MHz, respectively.
Higher modulation bandwidths of the hybrid device are
expected by reducing the dimensions of the LED. The inte-
gration approach of the membrane by liquid-capillary bond-
ing is well-suited to transfer-printing approaches [16]. It could
be extended to other wavelengths using for example MQW
structures based on III-V AlGalnP and/or InGaN material
systems.
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Abstract: We report free space visible light communication using InGaN
sources, namely micro-LEDs and a laser diode, down-converted by a red-
emitting AllnGaP multi-quantum-well nanomembrane. In the case of
micro-LEDs, the AllnGaP nanomembrane is capillary-bonded between the
sapphire window of a micro-LED array and a hemispherical sapphire lens
to provide an integrated optical source. The sapphire lens improves the
extraction efficiency of the color-converted light. For the case of the down-
converted laser diode, one side of the nanomembrane is bonded to a
sapphire lens and the other side optionally onto a dielectric mirror; this
nanomembrane-lens structure is remotely excited by the laser diode. Data
transmission up to 870 Mb/s using pulse amplitude modulation (PAM) with
fractionally spaced decision feedback equalizer is demonstrated for the
micro-LED-integrated nanomembrane. A data rate of 1.2 Gb/s is achieved
using orthogonal frequency division multiplexing (ODFM) with the laser
diode pumped sample.
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1. Introduction

Solid-state visible light sources based on the AllnGaN material systems have become key
enablers for a number of applications including lighting and illumination, displays, and
consumer electronics. For example, InGaN-based white-light emitting diodes are replacing
older light bulb technologies for home and street illuminations while InGaN laser diodes are
used for optical data storage and are being considered for future ultra-efficient lighting [1].
An emerging application for InGaN-based white LEDs is visible light communications
(VLC), which has been gathering a lot of attention recently [2,3]. Because practical InGaN
optoelectronic sources do not yet cover the entire visible spectrum (the device efficiency
drops continuously for wavelengths above 500 nm [4]), a blue-emitting GaN source often
needs to be combined with color-converting materials to access longer wavelengths, or
generate white light. This is usually done with rare-earth phosphors, as in commercial white
LEDs [5]. However, phosphors respond slowly to modulated light, which is not ideal for
VLC. Other color-converting materials are therefore being researched for VLC including
organic semiconductors [6,7], colloidal nanocrystals [8] and inorganic semiconductor
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epilayers [9]. The latter offers an all-inorganic, photostable solution to color-conversion,
which is particularly attractive for high power applications.

Recently, we have demonstrated a hybrid green-emitting LED based on a II-VI multi-
quantum well (MQW) epilayer structure a couple of micron-thick for color-conversion of a
blue micro-LED [9]. Other groups had previously shown similar heterogeneous hybridization
of epitaxial structures as a way to push the emission of GaN LEDs to longer wavelengths
[10,11]. In this work, we report the implementation of a red-emitting AllnGaP semiconductor
color-converting structure and demonstrate free space VLC when it is combined with blue
InGaN sources. The AlInGaP structure is a nanomembrane (NM) with a thickness below 400
nm and comprising a multi-quantum well active region. The NM format facilitates the
heterogeneous integration of the color-converter with other materials and structures through
capillary bonding. We focus on a device implementation where the AllnGaP NM is fully
integrated with a GaN micro-LED array. The result is an array of hybrid red LEDs that
benefits from the relatively high modulation bandwidth of the underlying blue micro-LEDs
[12]. Additionally, we demonstrate a proof-of-principle format for remote pumping with a
blue laser diode where the NM is simply bonded onto a hemispherical sapphire lens. In both
implementations, VLC experiments are done by modulating the GaN-based source with the
modulated blue light being transferred to red by radiative down-conversion through the NM.

The paper is organized as follows: section 2 describes the design of the AllnGaP NM and
its integration with the micro-LED array and/or the hemispherical sapphire lens. A
description of the micro-LED array and the characterization methods are also given. Sections
3 and 4 report and discuss, respectively, the continuous-wave (CW) characteristics of the
NM-based sources, and their dynamic and VLC performance under M-ary pulse amplitude
modulation (M-PAM) and orthogonal frequency-division multiplexing (OFDM) modulation
schemes.

2. Device fabrication and characterization
2.1 Design and fabrication

The color-converter structure is based on epitaxial AllnGaP grown on GaAs substrate by
metalorganic vapor phase epitaxy. The active region is made of 3 pairs of InGaP quantum
wells, with AllnGaP as the barrier material, designed for a room temperature
photoluminescence emission at 648 nm. The 2A length of the MQW region (excluding the
GaAs buffer) is chosen so that the finalized NM absorbs >90% of excitation light at 450 nm.
To obtain the NM, the GaAs substrate is removed by wet etching using a solution of
H;P0O4:H,0,:H,0 at a ratio of 3:4:3. The resulting NM has a thickness of <400 nm, and a
typical surface area of a few mm®.

In the first device implementation (hybrid LED), the NM is capillary-bonded using
deionized water [13] onto the sapphire window (polished epi-substrate) of the micro-LED
chip [Fig. 1(a)]. This technique enables direct Van der Waal’s bonding between surfaces
without requiring interlayers. A 2mm diameter sapphire hemispherical lens with a refractive
index of 1.7 is in turn capillary-bonded on top of the NM to finalize the hybrid device [Fig.
1(b)]. The micro-LED chip, with peak emission at 450 nm, is fabricated using a commercial
p-i-n GaN structure grown on c-plane sapphire, following the procedure reported in [14]. The
chip is made of 8 micro-LED pixels of 4 different sizes, 50 x 50 pm?, 75 x 75 pm?, 100 x 100
um? and 150 x 150 pm?. It is mounted onto a printed circuit board and wire bonded to metal
tracks connected to SMA connectors, in such a way that each pixel from the micro-LED array
can be individually addressed. Figure 1(c) presents a photoluminescence spectrum from the
NM with a photograph as inset of the hybrid device under current injection with the color-
converted light visible in the center.

In the second NM implementation, for the laser diode (LD) pumping embodiment, the
NM is simply bonded to a sapphire hemispherical lens as depicted in Fig. 1(d). The other side
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of the membrane is optionally placed in contact with a dielectric mirror. The 450nm LD
(OSRAM PL450B) pump is mounted in a Peltier-cooled metallic mount kept at a constant
temperature of 25°C.

-

Normalized Intensity (a.u)

600 650 7
Wavelength (nm)

(e)
L

Fig. 1. MQW NM a) capillary bonded onto the sapphire window of the micro-LED chip, b)
sandwiched in-between the sapphire hemispherical lens and the micro-LED window, c)
spectrum with a picture in inset from the hybrid LED with integrated sapphire lens under
operation, d) capillary bonded onto the sapphire hemispherical lens and e) color-converted
light, imaged on a screen, from the LD-pumped NM.

2.2 Experimental methods

For reference, the stand-alone blue micro-LEDs as well as the 450nm LD were first
characterized, independently of the NM, in terms of optical power, emission spectrum and
modulation bandwidths. The same measurements were then done with the AllnGaP NM
(integrated with the micro-LEDs or remotely excited for LD pumping).

A set of aspheric lenses with focal length of 32 mm and high numerical aperture (NA of
0.612) were used to collect and focus the emission into a Femto HSA-X-S-1G4-SI
photoreceiver (bandwidth of 1.4 GHz). For bandwidth measurements, the micro-LED or LD
was simultaneously driven with a dc bias current and a frequency-swept modulated signal
(0.250V,.,) that were combined through a wideband (0.1-6000 MHz) Bias-Tee. An Agilent
HP 8753ES Network Analyzer was used to provide the modulation signal and to record the
device frequency response as detected by the photoreceiver. A long-pass filter (550 nm cut-
off wavelength) was placed before the receiver for measurements of the down-converted
light. The modulation bandwidth was extracted from the detected modulation amplitude
versus frequency as detailed in [8,9]. The optical spectra were recorded with an Ocean Optics
USB4000 Fiber Optic Spectrometer (2.5 nm resolution).

A similar set-up was used for the VLC demonstrations of section 4, with some specifics
described here. For both PAM and OFDM, the modulated signal was generated offline in
MATLAB® environment and loaded to an Agilent 81150A arbitrary waveform generator
(AWG) while the detection was carried out by a 1.95mm diameter avalanche photodiode
(APD) connected to an Agilent MSO71043 oscilloscope [15]. The post processing of the
optical signal was done offline using a MATLAB script. More information regarding the
APD receiver and the OFDM test configuration can be found elsewhere [15,16].
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3. CW characteristics

The curves of optical power versus drive current for the standalone micro-LEDs of different
sizes are plotted in Fig. 2(a). The slope is non-linear with the current and the curves
eventually roll over at the highest currents. The smaller size micro-LEDs have a roll-over
point at lower driving currents because they reach higher current densities for the same drive
current. This non-linear behavior with the power roll over can be ascribed to an increase of
the device temperature under operation, exacerbated by the phenomenon of efficiency droop
[17,18]. The temperature rise can be related to the spectral shift of the peak emission
illustrated in Fig. 2(b) in the case of the 100um LED (black squares).

181 . 150 um (a) e 444 {—=— 100 pm (uLED) (b) -660
16 <« 100 pm v —— 100 pm (N.M.) /—>-658
— N - _ 443 _
; 144 75 um /'/ £ /I/- 1 656 £
£ v 50 um e v oo £442- o / £
= 12 . . £ . yay L 654 S
%10' aaaaa 2 I e / 1 652 g
o o ] . A 2
= 81 , 2 440 \ s 650 S
.‘g 64 .: vy 5 . / ©
& A, T BAWR e M L 648 =
:- /{/: T 438 - ./’ -7.\-/-\.\././ | 646
L — ' 7 G L

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100120140160180200
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Fig. 2. a) L-I curve for each pixel in the pLED chip and b) spectral shift for the 100um pixel
and the I1I-V NM.

The emission from the micro-LED experiences an overall redshift of 3 nm, between 441
nm and 444 nm, between 20 mA and 200 mA. The LED peak emission wavelength starts
blue-shifting at lower current before reaching a plateau (60 mA — 100 mA) and eventually
red-shifting for current above 100 mA. The initial blue shift is attributed to band filling and
carrier screening of piezoelectric fields in the active region. At higher current injection the
reduction of the bandgap energy with temperature becomes the predominant effect, resulting
in the red shift [19]. The device increase in temperature under bias current was verified
through thermal imaging of the sapphire substrate of the micro-LEDs. It was found that the
temperature surface of the sapphire increases by approximately 140°C between 20 and 200
mA due to self-heating. Self-heating in micro-LEDs has been previously studied [14].

Figure 3(a) plots the received optical power versus current for the hybrid micro-LEDs
(650nm emission). We note that this measurement was performed with direct photodiode
detection at the image plane of the set-up, without the use of an integrating sphere. The trend
is similar, with the largest emitters giving the highest optical power, but the roll-over effect is
more pronounced than for the stand alone micro-LEDs. For example, the 100um stand-alone
LED has a roll-over point between 180 and 200 mA whereas the equivalent hybrid LEDs roll
over at 100 mA. At this current the forward power conversion efficiency (i.e. the measured
power of the red hybrid LEDs divided by that of the standalone blue micro-LEDs) is close to
1.2%. The efficiency decreases continuously for higher current. This decrease is attributed to
a reduction of the NM luminescence efficiency as its temperature increases, the NM being in
contact with the sapphire substrate. The peak emission wavelength of this hybrid micro-LED
as a function of the drive current is also plotted in Fig. 2(b) (red dots). Unlike the blue micro-
LED emission, the spectrum continuously red-shifts, going from 645 nm at 20 mA up to 658
nm at 200 mA. The spectral emission of the AllnGaP NM is expected to redshift by
approximately 0.12 nm/°C as determined from modeling based on the empirical Varshny
relation [20]. Therefore the temperature increase of the NM can be inferred to be 100°C,
which is not far off the temperature rise of the sapphire surface as measured by thermal
imaging (140°C).
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Fig. 3. a) L-I curve for the NM-hybrid devices and b) power enhancement by addition of the
lens for the 100um device.

The hemispherical lens added on top of the NM helps to increase the forward conversion
efficiency as shown in Fig. 3(b) in the case of the 100um device where the maximum output
power doubles. The hemispherical lens mitigates the problem of waveguided light within the
NM as well as increases the collection of photons close to the escape cone limit. It is found
that the maximum output power is improved by 63%, 92%, 98% and 95% for the squared
pixels with edge size of 150, 100, 75 and 50 pm, respectively. The lower enhancement for the
150pum device is probably because it sits on the edge of the lens. The addition of the lens
however did not significantly improve heat removal from the NM; the red shift of the NM
emission with current, with and without the lens, was found to be basically identical. For
better thermal management, bigger lenses as well as active heat extraction from the lens could
be used. Lenses could also be made with materials of higher thermal conductivity such as
diamond.

In the description above, the decrease in the NM luminescence efficiency is attributed
solely to a rise in temperature. Other possible explanations could include a dependence of
non-radiative recombination on the MQW carrier density or a saturation of the NM
absorption. To rule out these possibilities, the power density dependence of the converted
light was further studied independently of the temperature rise caused by the micro-LED by
remotely pumping a NM bonded onto a sapphire lens in the LD excitation configuration, as
shown in Fig. 1(d). For low pump power density onto the NM, a micro-LED was used
otherwise the LD was utilized. The spot size of the pump onto the NM surface, needed for
determination of the pump power density, was measured using a beam profiler. Results
plotted in Fig. 4 (black triangles) demonstrate that there is no saturation of the absorption and
no noticeable increase in non-radiative recombination; the optical power from the NM
increases linearly with the pump power density on a range of 0 up to 4 kW/cm®. The left side
of the broken x-axis are data under LED pumping whereas on the right side are data for LD
pumping.

The converted power efficiency for this overall range is 0.88 + 0.16%. The addition of a
dielectric mirror, so that the NM is sandwiched between the lens and the mirror, increases the
forward power efficiency to 1.14 + 0.26% (red dots in Fig. 4), with an output power of 1.2
mW for a pump power density of 4 kW/cm®.

#260251
(C) 2016 OSA

Received 11 Mar 2016; revised 22 Apr 2016; accepted 23 Apr 2016; published 28 Apr 2016
2 May 2016 | Vol. 24, No. 9 | DOI:10.1364/0OE.24.010020 | OPTICS EXPRESS 10025



121 " Mirror + N.M. + Sapphire lens (uLED) PN
) e Mirror + N.M. + Sapphire lens (LD) o
4 N.M. + Sapphire lens (ULED)
§~1-0- v N.M. + Sapphire lens (LD) e
E Sramm
<0.8- -'
s : v—
© 0.6 R
o \," | )ﬁ'_‘
So0.4- L
I g
O 0.2 i
0.0_ m-@x:rﬁn—mj- .
2 4 6 8 10 12 14 16 1000 2000 3000 4000 50

Power Density (W/cm?)

Fig. 4. Optical power vs power density for the NM bonded onto a sapphire lens and
sandwiched between the sapphire lens and a dichroic mirror. Note break in the x-axis scale.

4. Dynamic characteristics
4.1 Bandwidth measurements

The optical modulation bandwidth (the frequency at which the modulated optical power is
half the dc value) versus drive current for the different sizes of stand-alone and hybrid micro-
LEDs are plotted in Fig. 5(a) and 5(b) respectively. The intrinsic bandwidth of NM is plotted
in Fig. 5(c).
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Fig. 5. Bandwidths for a) the stand-alone micro-LEDs b) the hybrid micro-LEDs and c) the
NM, extracted from a) and c) as explained in [9].

The bandwidth is size- and current-dependent reaching a maximum of 260 MHz and 180
MHz at around 150 mA for the standalone micro-LED and the hybrid red device,
respectively. The current dependence can be attributed to the reduced carrier lifetime in the
active region of the micro-LEDs as the current, and hence the carrier density, increases
[12,21]. The response of the NM, obtained by subtracting the standalone micro-LED response
to the response of the hybrid device [9], further affects the bandwidth of the hybrid sources.
The intrinsic response of the NM is between 130 MHz and 320 MHz, which is at least two
order of magnitude faster than conventional phosphors [22]. The increase in the bandwidth
with the current is linked to the increase of non-radiative recombination as the temperature of
the device, hence of the NM, increases.

The frequency response of the LD could not be measured, as it was higher than the
photodiode bandwidth of 1.4 GHz [23,24]. However, the laser excited bandwidth of the NM
bonded onto the sapphire lens bandwidth was measured and is shown in Fig. 6.
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Fig. 6. Bandwidth from the LD-pumped NM-lens structure (the line is a guide to the eye).

In Fig. 6 the bandwidth is set by the intrinsic response of the NM. There is a difference
between the maximum achievable bandwidth, 180 MHz for the hybrid device and 130 MHz
for the LD-pumped NM. Again, this is due to the increase of non-radiative recombination
caused by heating when the NM is integrated onto the micro-LED array. When remotely-
pumped the heating in the NM is nowhere near as severe.

4.2 M-PAM measurements

Free-space optical data transmission, using the NM device formats described above, was
carried out. The optical set-up and the required equipment were described in section 2.2. A
pseudo random binary sequence (PRBS) of 10'*-1 was generated and encoded into
appropriate PAM level, which was then loaded to the Agilent 81180A AWG. A fractionally-
spaced adaptive decision feedback equalizer (DFE) was adopted at the receiver.

The BER vs. data rates for PAM scheme for the hybrid micro-LEDs are presented in Fig.
7 and the achieved data rates at BER of 3.8 x10™ are summarized in Table 1. The smallest
micro-LED offered the highest data rate for all modulation schemes due to its higher
bandwidth. Among PAM schemes, 4-PAM with DFE offered the best performance closely
followed by 2-PAM. These results follow the theoretical predictions in [25] and experimental
results in [26]. It is theoretical shown in [26] that 4-PAM with DFE requires less optical
power than 2-PAM with DFE when data rate is beyond 5-times the electrical bandwidth.
Higher level PAM has higher power penalty due to LED and device non-linearity. Hence,
non-linearity compensation is required for improved performance. The non-linearity
compensation is, however, not within the scope of this paper.

Table 1. Achievable data rates at BER of 3.8 x 107 for the different size of hybrid micro-

LEDs in Mbit/s.
50 x 50 pm? 75 x 75 pm? 100 x 100 um? 150 x 150 pm?
2-PAM 777 757 738 659
4-PAM 867 862 807 615
8-PAM 720 740 680 495
#260251 Received 11 Mar 2016; revised 22 Apr 2016; accepted 23 Apr 2016; published 28 Apr 2016
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DCO-OFDM data transmission using the LD-pumped NM [Fig. 1(d)] was also tested. By
adjusting the LD driving bias current and the modulation depth, it was possible to achieve
transmission up to 1.2 Gb/s at BER of 3.8 x 10 as shown in Fig. 8. The higher data rate is
due to the combined higher SNR level and higher modulation bandwidth of the laser diode in
comparison to the micro-LEDs.
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Fig. 8. BER vs Data Rate for the sample pumped with a laser diode.
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5. Conclusion

In this paper, we have demonstrated VLC using InGaN sources color-converted with
AllnGaP NM assemblies. The NM geometry of the converter enables integration with optics
and micro-LEDs by capillary bonding. We note that this format of color-conversion is
consistent with semiconductor approaches developed by some LED manufacturers in order to
extent the efficiency of blue LEDs to longer wavelengths, while at the same time offering
faster response than phosphors for VLC. The extraction efficiency values reported are still
relatively low but could be improved by further incorporating light extraction features to the
NM assembly. The maximum data rate achieved for this hybrid configuration in this paper
was 870 Mb/s using 4-PAM scheme with DFE. We also reported on a NM format for remote
pumping by LD. In this configuration we have shown VLC up to 1.2 Gb/s using OFDM. This
second configuration would be particularly suited for high power applications with the NM
bonded to optics and heat spreaders. Finally, by designing other NM structures using
AlGalnP or InGaN material systems it should be possible in principle to extend the
wavelength coverage across the visible spectrum.
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Abstract

The rapid emergence of gallium-nitride (GaN) light-emitting diodes for solid-state lighting has created a timely

opportunity for optical communications using visible light. One important challenge to address this opportunity is to

extend the wavelength coverage of GaN LEDs without compromising their modulation properties. Here, a hybrid

source for emission at 540 nm consisting of a 450nm GaN micro-sized LED (micro-LED) with a micron-thick

ZnCdSe/ZnCdMgSe multi-quantum-well color-converting membrane is reported. The membrane is liquid-capillary-

bonded directly onto the sapphire window of the micro-LED for full hybridization. At an injection current of 100 mA,

the color-converted power was found to be 37 uW. At this same current, the -3dB optical modulation bandwidth of the
bare GaN and hybrid micro-LEDs were 79 MHz and 51 MHz, respectively. The intrinsic bandwidth of the color-
converting membrane was found to be power-density independent over the range of the micro-LED operation at 150

MHz, which corresponds to a mean carrier lifetime of 1.85 ns.

1. Introduction

Development of light-emitting diode (LED) technology
is driven mainly by the need for efficient solid-state
lighting, but it is also creating opportunities for new
applications such as visible light communications (VLC)
[1]. VLC requires light sources that are not only efficient
but also have high modulation bandwidth and are
wavelength versatile. White-emitting LEDs, and color-
converted LEDs in general, are typically obtained by
combining blue InGaN LEDs with down-converting
phosphors. This approach is effective for illumination
purposes but is not well suited to VLC because of the long
(us) excited-state lifetime of phosphors. The resulting
sources have modulation bandwidths limited to ~ 1 MHz,
whereas unconverted blue InGaN-based LEDs have
bandwidths of 20 MHz up to 400 MHz depending on their
formats, with single-color direct-LED-emission data links
at > 1Gbit/s rate having been demonstrated [2]. There is

therefore a need to explore color-converting materials
with shorter excited-state lifetimes to complement rare-
earth phosphors. Organic semiconductors and colloidal
quantum dots are potential candidates but there remain
uncertainties over their long-term environmental stability
[3].

Here we introduce an alternative approach based on
MQW
membranes as photo-pumped color converters for the

using  inorganic semiconductor  epi-layer
underlying InGaN LEDs. This technology benefits from
being based on all-inorganic semiconductors and therefore
promises to be robust [4], [5]. It also leads to extremely
compact sources, as the membrane can be integrated (as
we show) by techniques such as liquid capillary bonding.
There are several options for wavelength coverage across
the visible spectrum with available semiconductor alloys
for MQW membranes including I1I-V AlGalnP (yellow to

red) and InGaN (green) materials and II-VI CdMgZnSe


mailto:joao.santos@strath.ac.uk

(green to orange) materials [4], [6]. As proof-of-principle
of a generic approach, the hybrid LED demonstrator
discussed here is obtained by capillary-bonding a 540nm-
emitting, [I-VI CdMgZnSe MQW membrane onto an
array of 450nm InGaN micro-size LEDs (micro-LEDs),
taking advantage of the high modulation bandwidths
associated with these small-sized LEDs [7]. We chose
II-VI materials for this initial study because (i) they are
readily wet etched into epitaxial membranes, (ii) they can
be designed to offer coverage of the visible spectrum
promising white-light generation, and (iii) they permit an
high-

modulation-bandwidth, useful for e.g. introducing coarse

alternative approach to green emission at

wavelength division multiplexing (blue and green) into

optical wireless and polymer optical fiber communications.

In the following, the hybrid device fabrication and
characterization methods are described in section 2.
Sections 3 and 4 report and discuss, respectively, the
continuous-wave (CW) and dynamic characteristics of the

hybrid source.

2. Device fabrication and characterization

2.1 Device design and fabrication

The 450nm-wavelength micro-LEDs used to pump the
MQW membrane were fabricated using a commercial
p-i-n GaN LED structure grown on c-plane sapphire,
Here, the
fabricated chip is made of several 100 pm x 100 pm

following the procedure reported in [8].

square micro-LEDs spaced 450 um apart, Figure 1. After
fabrication, the chip was placed onto a printed circuit
board and wire bonded to tracks connected to SMA
connectors, such that the micro-LEDs could be addressed
individually.

The II-VI MQW membrane structure was grown by
molecular beam epitaxy on an InP substrate and InGaAs
growth buffer. It consists of 9 ZnCdSe quantum wells
with CdMgZnSe barriers and is designed to emit at 540
nm in a resonant periodic gain configuration for potential
alternative use as a laser gain medium [9]. The InP
substrate was removed by a combination of mechanical
polishing and wet etch process using a solution of
HCIL:H3PO, in a ratio of 3:1, followed by the removal of
the InGaAs layer with a solution of H;PO4:H,0,:H,0, in a
ratio of 1:1:6 for maximum etch selectivity with the II-VI

material [10]. The epi-side is fixed onto a temporary glass
substrate for this step, using a wax, for mechanical support
during processing. After substrate removal, the II-VI layer
was transferred from the glass and capillary-bonded using
deionized water onto the sapphire window of the LEDs to
complete the hybrid device [11]. The resulting MQW
membranes have a thickness of less than 2.5 um, and a
typical surface area of a few mm?”. Images of the hybrid
device are shown in Figure 1.

a) HED .4;0um 1 b)
FA )

|'_'L' I1-VI membranes j

Figure 1. a) Plan view micrograph of the hybrid device. The
micro-LED pixels are the smaller elements as labeled, some of
which are bonded underneath the II-VI membrane. Between
the membrane and the underlying LEDs is the sapphire
substrate, b) II-VI membrane when pumped by a blue LED, c)
hybrid device showing direct blue and color-converted green
emission.

2.2 Experimental Setups

The device was characterized in terms of optical power,
emission spectrum and modulation bandwidth prior to and
after membrane integration. For the power measurements,
the device under test was fixed on top of an optical power
meter with a 30mm cage plate in between to enable the
optional placement of an optical long-pass filter (500nm
cut-off wavelength). Hereafter, in section 3 and 4, we refer
to the micro-LED with no membrane as the ‘bare LED’,
the LED with integrated membrane as the ‘unfiltered’
hybrid micro-LED, and the micro-LED with membrane
and filter in place at detection simply as the ‘hybrid LED’.
Optical spectra were recorded with an Ocean Optics
USB4000 Fiber Optic Spectrometer (2.5nm resolution).

For the frequency response and modulation bandwidth
measurements, a set of aspheric lenses with focal length of
32mm and high numerical aperture (NA = 0.612) were
used to collect and focus the micro-LED emission into a
Femto HSA-X-S-1G4-SI fast photoreceiver (bandwidth of
1.4 GHz). The LED device was simultaneously driven
with a DC bias current and a frequency-swept modulated



signal (0.250 Vpp) that were combined with a wideband
(0.1 to 6000 MHz) Bias-Tee. An Agilent HP 8753ES
Network Analyzer was used to provide the modulation
signal and to record the device frequency response as
detected by the photoreceiver. The long-pass filter was
placed before the detection for measurements of the
hybrid LED characteristics.

The intrinsic modulation bandwidth of the stand-alone
membrane was also characterized as a function of the
excitation power density (section 4). For this, the
membrane was supported on a glass substrate and
remotely pumped with a bare micro-LED. A pair of lenses
was placed directly after the bare device to focus its light
onto the stand-alone membrane. Further optics were used
to collect the light emitted by the membrane and focus it
onto the photodetector. A Coherent” BeamMaster was
used to measure the micro-LED beam size incident onto
the membrane surface and hence to deduce the incident
power density. The full width at half maximum (FWHM)
spot-size was found to be 330um. The bandwidth
measurement of the stand-alone membrane was otherwise
as described above.

3. CW characteristics

Normalized spectral measurements for the bare micro-
LED, the unfiltered hybrid micro-LED and the hybrid
micro-LED (i.e. the contribution of the converted light at
540 nm) are presented in Figure 2. The bare micro-LED
has emission centered at 445 nm. The hybrid LED
spectrum shows a peak centered at 475 nm and a
secondary peak at 540 nm. The emission at 540 nm
comes from the light emitted by the II-VI MQW
membrane. The II-VI membrane is designed to absorb
97 % to 98 % of 445nm monochromatic light. Because
of the bandwidth of the bare micro-LED spectrum (23
nm FWHM) the effective micro-LED light absorption is
85% =+ 1%. The band-edge of the membrane is at around
460 nm and therefore the long-wavelength tail of the
ULED emission is not fully absorbed, explaining the
‘apparent’ 475nm peak in the spectrum of the hybrid
device.
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Figure 2. Emission spectra from bare and hybrid pixels and the
II-VI band-edge normalized absorption.

The power transfer functions (optical power versus
bias current) for the bare, unfiltered hybrid and hybrid
micro-LEDs are shown in Figure 3. At 100mA DC,
which was found to be the maximum current before
thermal rollover, the measured optical powers from the
bare micro-LED and the hybrid micro-LEDs (i.e. the
color-converted light contribution) are 4 mW and 37 pW,
respectively. The total power of the unfiltered hybrid
micro-LED is 0.58 mW. The power conversion
efficiency - defined as the ratio between 540nm over
incident 450nm power — was found to be 1.1% £ 0.1% as
derived from the power transfer functions. The
membrane structure used for this initial proof of
principle was not primarily designed for color-
conversion and the high index contrast between the
membrane material and air (2.5:1) results in a significant
amount of waveguided light, which is then lost through
reabsorption and edge emission. Improved epilayer
design of the membrane and implementation of light
schemes would value

extraction improve this

significantly.
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Figure 3. CW optical powers of the bare, hybrid and unfiltered
LLED devices.

4. Dynamic characteristics

The modulation properties of the hybrid micro-LED
are important for VLC applications and represent the
main focus of this study. This section looks into the
dynamic characteristics of the bare micro-LED and the
MQW membrane and what this implies for the hybrid
LED modulation properties.

4.1 Bandwidth measurements

The electrical frequency responses of the bare and
unfiltered micro-LEDs were measured at different levels
of bias current being the -3dB optical bandwidth values
at each one of them obtained by fitting the data,
considering a possible multi-exponential decay of the
luminescence. The following expressions were used for
the fits [12]:

aa)‘L'

i
N(w) = (1 + w?t?) (1)
2T
Zl aTl 2
D(w) = Gt @T) @
24T
M(w) = (N(w)* + D(w)?)*/? (3)

In the expressions (1) to (3), the @ and 7; parameters
represent the angular frequency of the modulation and
the time constant of the /™ exponential decay process,

respectively. a; is a multiplicative factor indicating the

contribution strength of the i"™ decay process. N, D and M
are the sine and cosine intensity decay transforms and
the demodulation factors [12].

The frequency responses of the bare and unfiltered
hybrid micro-LEDs when driven at 80mA bias current
and their corresponding fitting curves are depicted in
Figure 4. They are fitted considering a bi-exponential
decay of the luminescence, one component of the decay
The resulting parameters for this
particular case are, a; = 0.0037, a, = 0.9963, 7; = 0.18 ps,
7, =3 ns, f,, = 69.3 MHz and a; = 0.0024, a, = 0.9976, 1,
=0.24 ps, 7, = 4.6 ns and f,, = 46.6 MHz respectively.

being dominant.
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Figure 4. Frequency responses for 80 mA bias current of the
bare and unfiltered micro-LED, as well as the intrinsic
response of the color-converting membrane (hybrid micro-
LED), with the respective bi-exponential fits.

The data for the intrinsic response of the color-
converting membrane is obtained by removing the
frequency response contribution of the bare micro-LED
from the overall response of the unfiltered hybrid device.
This is also plotted in Figure 4 along with its fit. This
response is accounted for by a mono-exponential decay
of the MQW membrane photoluminescence and its
bandwidth is determined by the following bandwidth-
lifetime relation,

V3

2mT;

4)

feo =

In eq.4, f., is the optical bandwidth and 7; the
photoluminescence lifetime, also the carrier lifetime. The
mono-exponential decay parameters found for this curve

are,a; = 1,7, =2.0ns and f,, = 139.6 MHz.



Figure 5 plots the optical bandwidth values versus the
InGaN LED bias current for the bare and unfiltered
hybrid micro-LED as well as the intrinsic modulation
bandwidth of the membrane. The data is also
summarized in Table 1 along with the respective
goodness of fit (GoF) values. The GoF is a statistical
analysis that characterizes how well the fit describes the
measured data, i.e., is a parameter often used to describe
the discrepancy between a set of raw data and a model.
With GoF = 1 being a perfect fit and GoF < 1 indicating
some discrepancy between data.

Table 1. Table with bandwidth values, f., for the II-VI
membrane (hybrid micro-LED - a long pass filter was used to
remove the blue light), the bare micro-LED and the unfiltered
hybrid device, the goodness of fit, GoF and the lifetime, 7;.

Bare Intrinsic I11-VI Unfiltered
micro-LED membrane response Hybrid LED
1 Seo Seo T Jeo
may  wH 9T e 9°F amny O
5 22.5 0.991 77.8 3.5 0.947 15.7 0.997

10 29.2 0.988 126.5 22 0958 22.8 0.995
20 36.8 0.987 151.4 1.4 0.875 32.4 0.993
40 58.0 0.983 149.4 1.8 0.922 38.4 0.993
60 58.4 0.963 132.9 2.1 0.934 41.1 0.995
80 69.3 0.986 139.6 2.0 0.947 46.6 0.996
100 78.9 0.990 144.0 1.9  0.837 51.3 0.995
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Figure 5. The -3dB optical bandwidths of the bare pLED and
of the demonstrator hybrid pLED (unfiltered) — the intrinsic
bandwidth values of the membrane (hybrid nLED) are also
plotted.

The micro-LED bandwidth is current dependent and
reaches 79 MHz at 100 mA. This current dependency
can be attributed to the reduced carrier lifetime in the

InGaN micro-LED active region as the current, and
[14]. The
typical intrinsic response of the membrane is 145 MHz,

hence the carrier density, increases [13],

much faster than conventional phosphors, see also Figure
6. The hybrid micro-LED behavior is the combination of
of the
membrane and the underlying micro-LED. The result is a

the frequency responses color-converting
modulation cut-off frequency of 51 MHz limited by the
slower of the two components, i.e. the micro-LED
response in this case. Higher modulation bandwidths are
expected by using blue micro-LEDs of even smaller

dimensions [2].

4.2 Power density dependence of the intrinsic bandwidth
of the color-converting membrane

The dependence of the color-converter bandwidth on
the incident micro-LED pump power density was further
studied.
configuration, i.e. the emission occurs through the

Since the micro-LED is in flip-chip

sapphire  substrate, the excitation area at the
membrane/sapphire interface is determined by the
divergence of the micro-LED light and the propagation
length through the sapphire. Due to the small LED size,
the excitation spot incident on the membrane can in good
approximation be assumed to be circular with diameter
equal to the substrate thickness, i.e., 330 +/- 20 um in
this case [15]. The intrinsic bandwidth data of the
membrane as previously determined is then plotted again
in Figure 6 as a function of the incident excitation power
density (‘integrated membrane’). For pump power
density between 1 and 1.75 W/cm®, the intrinsic
bandwidth is constant at 145 MHz.

In order to observe with more confidence the
bandwidth behavior of the MQW membrane at excitation
power density below 1 W/cm®, it was independently
characterized, i.e. when separated from the micro-LED,
as a stand-alone membrane. In this case the membrane
was held onto a glass substrate and remotely pumped
with a 450nm micro-LED as explained in section 2.
Results are plotted in Figure 6 (black squares, ‘stand-
alone membrane’).
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Figure 6. Bandwidth dependence over different power
densities.

The vertical error bars in Figure 6Error! Reference
source not found. represent the root mean square errors
of the fits of the frequency responses. Overall, there is no
significant power density dependence of the membrane
intrinsic bandwidth. The average bandwidth over the
range of 450nm light power density corresponding to the
operation of the hybrid pLED is around 150 MHz. This
corresponds to an effective carrier lifetime of 1.85 ns.
This value can be corroborated by direct time-correlated
single photon counting, TCSPC, measurement of the
stand-alone membrane. Such TCSPC analysis was done
using an Edinburgh Instruments system using an EPL-
450 Picosecond pulsed diode laser as the excitation
source (450 nm). Differences in the TCSPC lifetime
measurement were seen between membranes processed
from the same epilayer structure however, the average
measured lifetime from a number of such membranes
was found to be 1.36 + 0.21 ns, showing reasonable
consistency with the frequency response data.

The photoluminescence and the optical bandwidth of
the MQW membrane, which is two-orders of magnitude
higher than for phosphors, means that high-speed color-
conversion can be realized for a range of light levels that
correspond to micro-LED operation.

5. Conclusions

This proof-of-concept demonstration of a hybrid
pLED with integrated MQW membrane offers a pathway
to fast-response and robust color conversion and has
VLC applications. The

potential for modulation

bandwidth of the 540nm hybrid micro-LED was
measured to be up to 51 MHz for an intrinsic bandwidth
of the MQW membrane and of the underlying micro-
LED of 145MHz and 79 MHz, respectively. Higher
modulation bandwidths of the hybrid device are
expected by reducing the dimensions of the LED. The
integration approach of the membrane by liquid-capillary
bonding is well-suited to transfer-printing approaches
[16]. It could be extended to other wavelengths using for
example MQW structures based on III-V AlGalnP and/or
InGaN material systems.
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Abstract: Hybrid sources consisting of 450nm InGaN LEDs with capillary-bonded micron-thick multi-
quantum-well color-converting membranes are reported. Such sources are attractive for visible light
communications and a 540nm-emitting hybrid LED having a 57MHz modulation bandwidth is demonstrated.

Introduction: The development and widespread adoption of LED technologies are creating opportunities for
visible light communications (VLC), where visible light sources are used to transmit data [1]. VLC requires
sources that are not only efficient but also wavelength-versatile, e.g. white LEDs that could combine the
functions of illumination and data transfer as well as discrete-color LEDs ideally covering the entire visible
spectrum. Typical white LEDs, and visible color-converted LEDs in general, are obtained by combining blue
InGaN-based LEDs with rare-earth color-converting phosphors. This approach is efficient but not suited for
VLC. The modulation bandwidth of resulting color-converted LEDs is limited to ~ 1 MHz whereas unconverted
blue InGaN-based LEDs have bandwidths of 20 MHz up to 400 MHz depending on their formats, with single-
color data links at > 1Gbit/s rate demonstrated [2].

Here, we look at an alternative color-conversion approach for VLC that is based on a blue-emitting LED
optically pumping a micron-thick inorganic semiconductor epilayer membrane. The latter is made of a multi-
quantum-well (MQW) active region and can be directly bonded by capillarity onto the sapphire window of a
LED for full integration. The amount of LED light absorbed and the converted wavelength are set by the design
of the membrane active region. We report a 540nm hybrid LED demonstrator obtained in this way by capillary-
bonding a II-VI CdMgZnSe MQW membrane onto an array of 450nm InGaN micron-size LEDs. The intrinsic
optical bandwidth of the II-VI membrane in this demonstrator is measured to be 180 MHz while the bandwidth
of the full hybrid green LED is 57 MHz when driven at 100 mA (the bandwidth of the blue LED alone is 85
MHz).

Fabrication: An array in a flip-chip format of individually addressable 450nm micro-LEDs, each 100 pm x
100 um in size, is used. The full LED device fabrication follows the same processes as described in ref [3]. The
sapphire substrate of the array acts as an interface for capillary-bonding a MQW color-converting membrane.
The MQW membranes have typically a surface area of a few mm’ and are only a few microns thick as the
growth substrate is removed by appropriate wet etching. For the latter, the structure is first fixed onto a
temporary glass substrate using an epoxy and then exposed to selective chemical etching. HCl and
H;P0O4:H,0,:H,0 are used to etch away, respectively, the InP substrate and the InGaAs buffer layer to form
II-VI membranes. The hybrid device is finalized by removing the membrane from the temporary glass substrate
and by bonding it onto the sapphire window of the micro-LED array (Fig 1a).

Experimental results: A typical bare single micro-LED emits an optical power of 4 mW at 450 nm for a
100mA DC driving current (i.e. a 40W/cm® power density for a 1kA/cm® current density). The 2.5pum-thick
II-VI membrane of the demonstrator device absorbs 85% of the micro-LED 450nm emission and emits an
optical power of 40 uW centered at 540 nm (Fig. 1b). The blue-to-green color conversion efficiency (1-2%) is
currently limited by waveguided light and by the overall membrane conversion efficiency. Improved epilayer
design and implementation of light extraction schemes should improve this value significantly. The modulation
bandwidths of the bare LED and hybrid LED were measured using a modulation signal of varying frequency on
top of a DC bias (typ. 500mV amplitude peak-to-peak) and a fast photodiode for the detection. The modulation
bandwidth is defined as the frequency where the detected optical (electrical) power drops by 3 dB (6 dB). The
electrical frequency responses of the bare blue LED and of the hybrid green LED are plotted in Fig. 2a in the
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case where the InGaN LED bias current is 80 mA. The intrinsic response of the membrane can be obtained from
these data. Figure 2b summarizes the -3dB optical bandwidth values versus the InGaN LED bias current again
for the bare and hybrid LED. The intrinsic response characteristics of the membrane are also plotted. The latter
is close to 180 MHz while the bare micro-LED bandwidth is current-dependent and reaches up to 85 MHz. This
current dependency can be attributed to the reduced carrier lifetime in the InGaN LED active region as the
current, hence the carrier density, increases. The hybrid device behavior is the combination of the frequency
responses of the color-converting membrane and the underlying LED. The result is a modulation cut-off
frequency of 57 MHz limited by the slower of the two components, i.e. the micro-LED response in this case.
Higher modulation bandwidths are expected by using blue LEDs of even smaller dimensions [2].

Conclusion: This demonstration of a hybrid LED with integrated MQW membrane offers a pathway to fast-
response color conversion and proves that the concept is attractive for VLC. There are several options for
wavelength coverage across the visible spectrum with available semiconductor alloys for MQW membranes
including III-V AlGalnP (yellow to red), InGaN (green) and II-VI CdMgZnSe (green to orange) [4,5]. The
technology has the benefits of being based on all-inorganic semiconductors and is therefore inherently robust. It
also leads to extremely compact sources. Finally, the device geometry is well suited for high-resolution transfer-
printing [6] and related integration concepts will be discussed.
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Figure 1: a) Photograph of the hybrid device; b) Optical powers of the devices measured in DC (bare and
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Figure 2: a) Frequency response of the uLED and the color-converter with the respective bi-exponential fits at
same injected current; b) The -3dB optical bandwidths of the bare LED and of the demonstrator hybrid LED —
the intrinsic bandwidth values of the membrane are also plotted.
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Summary

We report a color down-converting scheme for blue InGaN lasers and LEDs based
on a multi-quantum-well nanomembrane, itself hybridized onto a hemispherical lens
for light-extraction enhancement. The fast modulation response (> 80 MHz) of this
color-converter makes it suitable for visible light communications.

Introduction

Color-conversion of blue-emitting InGaN LEDs and lasers is a key element in
applications like solid-state lighting, illumination and visible light communications
(VLC) [1-3]. For these, maximizing conversion efficiency, thermal and power stability,
controlling spatial distribution, as well as simplifying device integration of the
converter, are all crucial. In the case of VLC, the down-converter is also required to
respond quickly to modulation, thereby eliminating standard phosphor materials as a
viable option [3].

Here, we demonstrate a down-converting scheme that utilizes an inorganic multi-
quantum-well (MQW) nanomembrane (NM). Because the NM is optically pumped,
there is no need for doping. The approach therefore enables, in principle, blue-to-
green, blue-to-yellow/orange and blue-to-red conversion through proper design of the
MQW region using GaN and AlInGaP alloys. Furthermore, the mechanical properties
of NMs facilitate hybridization with a range of materials and optical elements for
added functionalities (light extraction, directionality, thermal management etc.). The
demonstrator that we report is an AlinGaP NM optimized for absorption at 450 nm
and emission at 650 nm. It is hybridized with a hemispherical lens. Details about the
fabrication and characterization of this converter are given in the following.

Fabrication and characterization

The MQW region was grown by molecular beam epitaxy on a GaAs substrate. It has
a total of 6 InGaP/AlinGaP
quantum wells distributed by
pairs over the 5A/2 sub-cavity
that forms the NM. The active
region is enclosed by two 10nm
InGaP capping layers. The
structure is designed for >90%
absorption of 450nm light. The
NM is obtained by chemical
removal of the GaAs substrate. Fig- 1 (Left) photograph of the NM deposited onto the
For this step, the sample is held hemispherical lens; (right) close-up on the NM side




onto a sapphire hemispherical lens
using a polyethylene glycol wax. This
wax can be subsequently removed by
floating the sample followed by
capillary bonding of the sample to the
lens. The final NM color-converter is
shown in Fig. 1. The conversion
characteristics were measured by
exciting the NM with a 450nm
microsize LED (100pmx100um area),
collecting the down-converted light on
the convex side of the lens. The NM
photoluminescence is displayed in Fig.
2. The enhancement effect of the lens
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Fig. 2. Photoluminescence spectrum

on the downconverted light is demonstrated by comparing emission from the sample
with that of an equivalent, reference NM deposited onto a flat glass (n=1.5) substrate
(Fig. 3). This 4x enhancement in light extraction is due to the higher refractive index
of sapphire (n=1.77) and the convex lens shape. Both combine to reduce the amount

of light waveguided in the NM. We
note that a bigger enhancement is
expected if using a lens material with
a refractive index closer to that of the
NM (n=3.4). The frequency response
of the color-converter was measured
by modulating the LED. The intrinsic
-3dB optical bandwidth of the
converter is between 80 MHz and 90
MHz for the range of LED current of
20 mA to 180 mA. This bandwidth is
more than two orders of magnitude
higher than for the phosphors that
are commonly wused in color-
converted InGaN LEDs.

Conclusion
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Fig. 3 Down-converted power versus LED
current for the NM/lens sample and the
reference structure

We have reported a red-emitting AllnGaP MQW nanomembrane hybridized onto a
hemispherical lens to color-convert a blue InGaN LED. The lens structure very simply
adds a light extraction functionality to the color-converting properties of the NM. We
expect that this approach can be extended to other wavelengths across the visible. It
is attractive for VLC applications as well as for high-power laser conversion.
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Abstract: We report color-conversion of InGaN LEDs and lasers using an AllnGaP multi-quantum-well
nanomembrane. In particular, we demonstrate free-space OOK data transmission at 180 Mb/s from a laser
diode blue-to-red converted by a heterogeneous nanomembrane/sapphire lens assembly.

Introduction: InGaN optoelectronics can be combined with efficient down-converting materials for
applications in LED- and laser-based lighting and illumination [1-3]. The concept can be extended to
visible light communications (VLC), which uses solid-state visible sources to transmit data, with the
added requirement of a short excited-state lifetime for the color-converting material so that sources can be
modulated at high speed [4 — 6]. In this work, we report color-conversion of 450nm micro-LEDs and of a
450nm laser diode (LD) with structures based on an AllnGaP inorganic MQW nanomembrane (NM). One
advantage of the inorganic NM over alternative color-converters is its photo- and thermal stability. The
thermal performance of the NM can be increased by judicious heterogeneous integration with other
materials, e.g. sapphire or diamond, which can further be shaped to improve extraction efficiency. This
capability makes inorganic NMs ideal candidates for color conversion of high power light sources. In the
following, we describe the fabrication of the NM color-converting structure and devices. We then discuss
the experimental characterization of a corresponding hybrid LED and of a remote color-converter for the
LD. We also report on the initial demonstration of free-space OOK data transmission of the latter.

Fabrication: The color-converter MQW region was grown by molecular beam epitaxy on a GaAs
substrate. It has a total of 6 InGaP/AlInGaP quantum wells distributed in pairs over a 5A/2 sub-cavity
enclosed by two 10nm InGaP capping layers. This structure is designed to absorb more than 90% at
450 nm and for re-emission in the red at 650 nm but other wavelengths are possible by modifying the
design. After processing, the membranes have typically a surface area of a few mm” and are several
hundred nanometers thick, which helps ensure efficient Van der Waals bonding and assembly of
multi-element structures as described below. For processing, the MQW structure is first fixed onto a
temporary glass holder using DI-water for adherence and then exposed to selective chemical etching to
remove the GaAs substrate. After the membrane is separated from the temporary glass substrate by
floating in water, it is, for the hybrid LED, bonded by capillarity onto the sapphire window (polished epi-
substrate) of the micro-LED array (Fig 1a). A sapphire or diamond lens, with a hemispherical diameter of
2 mm and 4 mm and focal length of 0.5 mm and 4 mm respectively, is subsequently bonded on top to
improve light extraction (Fig 1.b). The micro-LED array used for the fully hybridized LED (Fig 1b) was
designed in a flip-chip format with individually addressable 450nm-emitting square pixels ranging from
150 um x 150 um down to 50 pm x 50 pm in size. The full LED device fabrication follows the same
processes as described in [7]. For the remote LD pumping samples, the membrane is simply bonded to the
sapphire or diamond lens after the floating step. An optional dielectric mirror can be added.

Experimental results: All samples were studied in terms of L-I-V and modulation bandwidth responses.
Different pixel sizes were measured in the case of the hybrid LED. The converted optical power from the
NM depends on the size of the pixel (Fig 1¢). A typical hybrid micro-LED of 150 um x 150 um has a
maximum optical power of 0.12 mW with peak emission at 650 nm. This is currently limited by thermal
rollover as there is no heat-sinking implemented, but the sapphire lens already helps to spread the heat. It
was found that the color-converter’s extracted power efficiency when using a diamond or sapphire lens
was 0.96 + 0.23%. The electrical-to-optical bandwidth of the hybrid LED was up to 65 MHz, the intrinsic



NM bandwidth being 130 MHz. The extracted power can be further increased by adding a high-
reflectivity mirror on one side of the NM, as was done for one of the LD-pumped samples. In this case the
color-converter’s efficiency was 1.14 = 0.26% compared to 0.42 + 0.02% with no mirror. Data
transmission was carried out under remote LD pumping on a converter with no mirror. The DC signal
was combined with the RF one, in a 2’-1 PRBS OOK scheme, using a Bias-Tee. Error-free data at
180 Mb/s for a BER of 10” was obtained (Fig 2b). With improvements in the LD driving conditions and
the use of high level encoding schemes such OFDM we expect to be able to push the data rate to Gb/s
levels.

Conclusion: We report nanomembrane-based fast-response color conversion and prove that the concept
is attractive for VLC with, in principle, wavelength coverage across the visible spectrum possible with
III-V AlGalnP (yellow to red), InGaN (green) and II-VI CdMgZnSe (green to orange) [8, 9] epitaxial
alloys. We have shown a fully integrated hybrid LED and demonstrated OOK error-free transmission at
180 Mb/s (BER of 10”) for a LD-pumped NM. Finally, we note that the NM geometry is attractive for
controlled nano-assembly using transfer-printing [10] and recent advances on the printing of AllnGaP
NMs for color conversion applications will also be presented
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Figure 1: a) Two micro-LED chips with capillary-bonded AlInGaP membranes, b) Hybrid LED with
integrated sapphire lens under operation and c¢) Hybrid LED L-I curve for different micro-LED pixel sizes.
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Visible light communication using InGaN light sources colour-converted with colloidal quantum dot
structures is reported. Free-space data transmission up to 500 Mb/s is demonstrated.

Semiconductor nanocrystals, or colloidal quantum dots (CQDs), can act as efficient downconverters
for InGaN sources, ¢.g. LEDs [1]. Advantages of CQDs over other types of converting phosphors for
this utilisation include their soft-material processing capabilities, their narrow linewidth
photoluminescence (PL) and the fine colour tunability. In turn, CQDs can be combined with blue
InGaN LEDs for high performance white light sources having high colour quality [1], and for
enabling a wide gamut display technology that is found in CQD-enhanced LCD screens. Applications
of InGaN-based light sources other than lighting and displays are also emerging. One of these is
visible light communications (VLC), which exploits the relatively high bandwidth of InGaN lasers
and/or LEDs in order to transmit data over free space or, in some instances, through fibre and
waveguide systems. Here again, CQDs can enable both white and single-colour sources with
attractive characteristics. Narrow emission for example will facilitate implementation of wavelength
division multiplexing. In addition, CQDs have shorter PL lifetime than the rare-earth phosphors
commonly used in commercial LEDs, and are therefore more suited to VLC [2].
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Fig. 1. (a) Red CQD composite converters, and (b), Fig. 2. Free-space transmission; BER vs
(c) and (d), Flexi-glass CQD converters data rate for different modulation schemes

In this work, we explore two formats of CQD colour-converters for blue-emitting InGaN sources. The
CQDs are alloyed-core CdSeS/ZnS structure with a 6nm nominal diameter and emission in the green
(540nm), yellow (575nm) and red (630nm). In the solid state, the photoluminescence quantum
efficiency is 62%, 54% and 18% for the green, yellow and red CQDs respectively. The first format of
converter consists of a polymeric composite film that incorporates the CQDs at weight concentrations
of 1% and 10 %. Nanocomposite films with thickness of 1.2 mm were fabricated (see Fig. 1(a)) and
the effect of the CQD concentration on the static and dynamic PL characteristics will be discussed.
The second format of converter utilises CQDs in neat form that are encapsulated with flexible glass.
For this, a 30um-thick glass sheet was diced into 2 x 2 cm® membranes. A CQD/chloroform solution



was drop coated onto one glass membrane and a second membrane was then added to seal the CQD
structure. The final flexi-glass CQD colour-converting structures are thin enough to retain flexibility
(see Fig. 1(b) and (d)).

Both the composite and flexi-glass colour-converters can be placed in contact with an InGaN source
or, alternatively, remotely pumped. A 450nm microLEDs was used as the blue InGaN source in our
experiments. The CQD structures are designed for >99% absorption of light at this wavelength. The
forward power conversion efficiency was measured to be up to 14% depending on the wavelength, the
type and the concentration of the converters. We note that there is room for improvement as no light
extraction features were utilised. One way to incorporate such feature would be to directly patterned
the CQDs by soft-lithography, e.g. with grating structures [3-4].

The -3dB modulation bandwidth of the CQD converters is comprised between 10 MHz and 30 MHz,
again depending on the exact converter parameters. In turn, we demonstrate free-space data
transmission ranging from 200 Mb/s up to 500 Mb/s per wavelength using pulse amplitude
modulation (PAM) or orthogonal frequency division modulation (OFDM) and considering a forward
error correction (FEC) limit of 3.8x10™. For the experiment, the 450nm microLED was DC-biased
and coupled to the CQD colour-converters. Otherwise, details of the experimental set-up are similar to
what is described in [5]. Figure 2 represents the data for the red CQD composite. For all the above
CQD samples, under the same conditions, PAM leads to superior data rates than OFDM.

In conclusion, we report two formats of CQD downconverters for use with InGaN optical sources and
demonstrate free space VLC with data rates up to 500 Mb/s per wavelength.
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Abstract— The properties and performance of CdSSe/ZnS
colloidal quantum dot composite materials for use as
InGaN LED color converters in visible light
communications applications is reported. S00Mb/s optical
wireless transmission is demonstrated.

1. INTRODUCTION

The electronic and optical properties of colloidal quantum dots
(CQDs) make them appealing for color conversion of InGaN-
based LEDs [1]. In particular, CQDs possess key advantages
over phosphors, typically used in the down-conversion of
blue-emitting InGaN LEDs, for applications in visible light
communications (VLC), where LEDs are used to transmit
data. The shorter excited state lifetimes of CQDs mean they
should perform better at higher modulation speeds [2,3] while
their wavelength versatility and narrow emission spectrum
pave the way for color multiplexing as a way to further
increase data rates.

Recently, a single blue-emitting microsize LED (microLED)
was used to demonstrate VLC at several Gb/s [4]. However,
high-speed VLC (>100 Mb/s) at longer wavelengths using
CQDs has not yet been achieved [2]. In this context, we study
a CQD/Polymethyl methacrylate (PMMA) composite material
for color converting a blue microLED. Color-conversion at
different wavelengths is demonstrated and the effect of the
CQD concentration on the converted light properties is
discussed. It is shown that VLC at several hundreds Mb/s data
rates is achievable with CQDs.

II.  MATERIALS AND METHODOLOGY

The CQDs used in this work are green emitting (intrinsic
emission at 540 nm) and red emitting (630 nm) alloyed-
core/shell CdSSe/ZnS nanocrystals with a 6nm mean
diameter. Engineering of the energy levels in such CQDs is
obtained by changing the alloy composition of the core. To
form the composite, the CQDs are incorporated into a PMMA
matrix at different CQD-to-PMMA weight ratio (1% and
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Color-converted power (mW)
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Fig. 1: Color-converted power vs. LED power for 1% (filled
squared) and 10% (open square) green CQDs and for 1% (filled
triangles) and 10% (open triangles) red CQODs. Inset: Red and green
COD composite samples under UV illumination.

10%). The nominal thickness of the CQD/PMMA converters
under study is lmm. Two such converters can be seen in the
inset of Fig. 1.

The color converters are remotely excited with a square
100x100pm?, ~ 450nm-emitting microLED [5] for the
characterization of the forward conversion spectrum, power
efficiency and optical modulation bandwidth. Forward
converted emission includes the losses of the collecting optics
and is detected under continuous-wave microLED excitation
with a power meter or a spectrometer. For the modulation
bandwidth measurements, the microLED is dc-biased and
modulated with a 0.25Vpp frequency-swept signal while the
detection is done with a high-speed photodiode (1.4GHz
bandwidth). Photoluminescence (PL) lifetimes are also
measured using time-correlated single photon counting
(Edinburgh Instruments).

VLC in free space over a meter is demonstrated using two-
level pulse amplitude modulation (PAM). In this case a pulse
function arbitrary generator provides the data stream to the
microLED and the detection of the color-converted light is
done with an avalanche photodiode. The received signal is
post-processed using a Matlab script. More details about the
VLC experiment can be found in [6].
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Fig. 2: (Left) Color-converted spectra for the 1% (open square)
and 10% (filled squares) green CQD composite. (Right) 1%
(open diamonds) and 10% (filled diamonds) red COD composite.
Note the break in the x axis.
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Fig. 3: BER vs. data rates for VLC experiments using 2-PAM.

III. RESULTS AND DISCUSSIONS

The plots of Fig. 1 represent the forward emitted light
converted by the CQD samples vs. the incident microLED
power. In terms of raw power conversion, the samples with
the highest CQD concentration (10%) perform better, simply
because they absorb more of the incident LED light. The
efficiency of the samples, defined as the ratio of the forward
color converted light (collected by the system) by the absorbed
microLED power, is 8 +/-2% for the green CQDs and
1.5+4/0.5% for the red CQDs. The higher efficiency of the
green CQDs is attributed to the different alloy composition of
the core that leads to a lower lattice mismatch with the ZnS
shell than in the case of the red CQDs.

The spectra of the converted light are shown in Fig. 2. For
both green and red CQDs, the spectrum shifts to longer
wavelengths at higher CQD concentration because of self-

absorption. The shift between the sample with 1% and 10%
CQD concentration is around 5 nm. The 1% samples are
already red shifted significantly when compared with more
diluted samples (data not shown) with the intrinsic peak
emission of the green and red CQDs at, respectively, 540 nm
and 630 nm. Interestingly, the optical modulation bandwidths
of the CQD samples are lower at higher CQD concentration:
15 MHz and 12 MHz for, respectively, the 1% and 10% green
samples, and 27 MHz vs 17 MHz, respectively, for the 1% and
10% red samples. Measured PL lifetimes are consistent with
these bandwidth values: respectively 16 ns vs. 22 ns for the
green CQDs and 10 ns vs. 15 ns for the red CQD samples.
This ‘slowing down’ of the color-conversion dynamics is
attributed to the self-absorption effect, which is also at the
origin of the spectral shift and is significant at higher CQD
concentration.

The bit-error rate (BER) as a function of the data rate for VLC
demonstrations using 2-PAM modulation is plotted in Fig. 3.
The BER limit is 3.8x107, considering forward error
correction (FEC) could be applied. It is seen that the sample
that performs the best under these conditions is the 1% red
CQD samples, i.e. the color converter that has the highest
modulation bandwidth, with a data rate above 500 Mb/s. The
green CQD samples are more efficient but their slower
modulation bandwidths means that under the same conditions
the achievable data rate is a bit lower, close to 400 Mb/s.
These results are consistent with both bandwidth and PL
lifetime measurements. While the PL lifetimes of CQDs is
their limiting factor for such application, their efficiency and
narrow emission linewidths means that >1 Gb/s transmission
should be possible given these results.

IV. CONCLUSION

In summary, we have demonstrated that CQDs could be
utilized for color-conversion of InGaN microLEDs in VLC
applications. We have reported on the properties of a format of
CQD composite, operation at two different wavelengths, and
discussed the effect of CQD concentration on the spectral and
dynamics properties of the color-converters. 500Mb/s VLC at
a single wavelength was reported.
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